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Akiba (in lioinaii caijtivitv') U) his favourite 
I>11 [hi Siin«.*OTi bon Yochai : “ My son, !nori‘ t han tin 
calf wishes to suck does the cow yearn to sucklt*.” 



PREFACE TO THE NINTH EDITION 

This edition <jf A pplird Physifdnfit/ is virtually a new hook ; niort* than half 
the text has been re\vritt-(‘n and the rv.st has been cartvfiilly r**\'ised to refleci 
the |jresent state of knowledge. The subjtu j. inatt(‘r lias be«*n radically 
n^arranged. Tlie. i.ipeniiiL' <-haj>ter now deals with the Io-lhiI;! tion of the 
Internal Environment, a theme made classical bv (liainh' Bernard and 
develofied by many great pliysiologists like Sljerrington. lialda-mi, and 
Harcroft in this (country, and (•annon, Lawrence Henderson, and \ an Slyke 
in the United iStates. The “ (constancy of the int<‘rnal environment is the 
outstanding g^meralization of physiology : the first 1.‘10 j)ages of this book, 
which illustrate the principle by many exampl(‘s, have (mabled me to 
review under om* heading numerous themes which are usually treated apart 
because th(\v fall into what conventional classification treats as se|)ara.te 
systems. ()n the clinical side this chaj)ter deals with many topics of 
practical importa,n<;(', such as water and salt lack and exc(\ss ; tests of renal 
function ; renal failure ; acidaunia and alkaljcmia ; diabetes insipidus ; 
oedema ; blood changes in obstruction of th(‘ alimentary (’anal ; disorders 
of the cerebrospinal fluid. Other newly arranged chapters are those on 
“Metabolism,” “ Endocrine Control of Metabolism ” and " HeprcKluction.” 

An importaait f(‘atur(‘ of this edition is an increase in the number of 
illustrations. About 2(K) new’ figures hav(*, Ix’on adch'd, bringing tln^ total 
up to f)88 ; th(*s(* figures have ])een carefully chosen, mainly from nxamt 
papers; most of them liava*. been redrawn modified i,o make tlnmi more; 
suitable for teaching purposes. My ex]»erience inakes me doubt wJiether 
illustrations are adequately or properly used. Many wclconn’ them as mere 
yiadding material which leaves less text on the pag(’ and enables one 
eonse(]|uently to (’.over the ground more quicklx’. It is eurious that though 
diagrams are studied with care, illustrations which summariz(‘ t Ik’ results of 
actual experiments and .so rejin’scnt first-liand cvidcMu e are nu’n’ly glama-d 
at. I again draw attention to the Appendix (p. II 18) in which two figures 
are carefully described and analysed. It might, Ix’ worth the read('r’s wdiile 
to examine many of the illustrations in the text, in the sann’ thorough w^ay. 
The sources of all the figur(\s are fully iK’knowle.dged in the text; 1 might 
add tliat any paper that contains a figure worth borrowing is invariably 
well worth reading. Professor Diamond and the Commonwealth Fund of 
New York kindly gave me permission to prepare the three new’ colour plates 
from the beautiful illustrations in the book by Blackfan, Diamond, and 
Leister, Atlds of the Blood in Children. 

As in the past, the references have been restricted to a few key papers 
which I have found especially useful; they will serve to introduce the 
reader to the copious literature of the subject. 

The terminology in the chapters on the “ Nervous System ” and 
“ Autonomic Nervous System ” with few exceptions follows that used by 

Tii 
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Hanson and Clark in their Anatomy of the Nernoua System ; but mention 
is made in brackets of tlie older terms which still have a wide currency. 

When this book first a[)])ea.red more than tw(ujty-fiv(* y(*ars ajj^o it was 
somethiiifT of a pioneer veiitun'. The point of view whi(‘h it advocatc'd was 
set out in the original Preface (which has been regnlarly reprinted) and 
illustrated by the text itstdf. In seh'cting th<‘ material for discussion J hav(' 
always }ia.d in mind the needs and interests of both undergraduate stud(Mits 
and postgraduate reaches, including those prej)aring for the higher exainin.a- 
tions, who wish to keep abn'ast wit h current develo])m(‘nts in l)()th pure and 
applied jdiysiology. The subject matter is })n*sented in considerable detail 
bt'cause the details are needed for a [>roper understanding of the workings 
of th(‘ body in healtli ami dist'ast* and are often of great pract ical importance 
in the care of ])a.ti('nts ; but J leave it to the g(.K)d sense of the individual 
rt‘ader to conc(Mitrat(* on his ne<Mls and to igi»ore what he j*onsid(M‘s to la* 
outside his field of interest. In this way he can mako the book as long or 
as sliort as In* wish(\s. 

More than ever befort^ I am indebted to friends and coll(‘a.gu(*s for t heir 
help, especially to my collaborators Professor Montague Maizels and Ur. 
John Ih Jepson. Professor Maizels has advised a.nd a,ssisted me in the 
preparation of the chapters on the Internal Knvironrmmt ” and th(! 
“Blood,” and on matters relating to Clinical Pathology. Dr. Jepson has 
rewritten the chapter on Metabolism " and has advised and assisted me 
on matters relating to biochemistry and physical chemistry throughout the 
book; his contribution has been specially notable in the chapters dealing 
with the “Endocrines’’ and “ Nutrition.” Dr. Cyril Keele has helped with 
the “ Endocrines ” and “ Reproduction.” Mr. W. F. Floyd has contributed 
the section on “ Clinical Electroencephalography ” and has advised on 
electrophysiological matters. 1 gratefully acknowledge help from : Dr. 
Moran Campbell, Miss Mary Chennells, Dr. V. K. Dent, Dr. P. W. Nathan, 
Dr. Eric Neil, and Professor David Slorne. Sp(*cial thanks an* due to Dr. 
I. Calrna, who has been good enough to })repare the Index. 

The publishers, and especially Mr. (t. T. Hollis, M.A., have bee]i unfailing 
in their kindness and consideration. They have, agreed readily to all my 
suggestions for im])roving tlu^ book. They have [)ermitt(‘d without impatience 
or hint of complaint most extensive and repeated alterations in the [)roofa ; 
by their indulgence 1 have been able to incor])orate in the text references 
to th(‘ major advances in knowledge which took j)lac(» wliih*. the book was 
passing through tin* j)n*.ss and to make* llu* cons(*(juential alterations m‘,(‘d(*d 
to maintain self-consi.st(*ney. IVly daughter Sandra Wright d(‘.voted much 
skill and patience to transmuting a long and difficult manuscript into a el(‘ar 
and intelligible type.scrif)t. My s(‘cretary Mi.ss K. Baird)ridge has given me 
devoted service in tin* long and (-omplex task of seeing the l)Ook through tin* 
pn^ss. My warme.st thanks are extended to them all. 


Middlesex Uospital Medical JSchool, 
January, 1U52. 


s. w. 
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This book is i)iis<*(l jhi iIm' various coursos of lectiin'S T hav(* ^ivon both in 
tlio (IppartnwiH of IMiysiolo^y in tlio Mi(I(il(*s(‘.\ Hospital Medical School 
and to nuMi workin^^ in t in* wards and tlic v'arions depart nuMits of tlic liospital. 
My aim iias b(‘rn to ])rcscnt clearly and (‘oncis<'ly how th(‘ various functions 
of the bo<ly are })erforined. To economiz(‘ space, no account is ^iven, how¬ 
ever, of the peripheral mechanism of vision or of hearing ; otherwise, the 
ground is covered fairly completely. As the book is intended lor medical 
readers, J have throughout; laid emphasis on a,nd (h^vot(‘d particular attention 
to those functions which are commonly (h‘rang(‘.d in disease. I have kept 
in view l )r. Jljddane’s dictum, that tlie aim of physiology is to consider how 
the internal environment of the body is kept constant in spite of continual 
alterations in the external environment. Throughout tlie text numerous 
cross references have been inserted which may help to clear up doubtful 
points, and are especially intended to impress on the reader that the subject 
must be considered as a coordinated and integrated whole, and that it does 
not deal with a series of isolated and independent organs and systems. 

I have not attempted, in the more strictly applied sections of the nook, 
to cover the ground completely, but 1 have selected from tlie mass of inaterial 
available the problems of the greatest practical importanc(‘, and particularly 
thos(* which are, perhaps, not so fully discussed in text-books ot ])atholog}' 
(»r medicine. 

J must confess to have |)aid some attention to the recpiiremeiits of the 
various (‘xarnining bodies. The physiological sections may prove uselul 
to men nNiding for the second M.B. examination of tin* various Universities, 
and in particular T hope it will be helpful to men preparing for the Primary 
Fellowshi]) examination of tin* Royal College of Surgeons. The applied 
s(*(*lioris mav be found helpful by num reading for their final (‘xaminations, 
and perhajis even for the higher examinations of M.l). or M.R.C.P. 

It s(‘(*ms to me unfortunab* that in the. teaching of physiology greater 
use is not made of the wealth of clinical mat(*rial pr(‘s<‘nt- in the wards of 
the Hospitals, which (‘ould readily be made available. The main facts oi 
the physiology of the tutvous .system and the ducth'ss glands, at any rate, 
could thus b(‘. clearlv demonstrated ; and the. iiitm'est ol the student would 
be aroused when Ik*, finds that he is considering in his physiological stinlies 
the same patients that he will have to deal with whe.n doing his clinical 
work. This is the method I have adopted whenever possible in this book. 
In considering the cerebellum, for example, a full account is given of tin* 
symptoms and signs of lesions to this structure in the Jniinan subject. I his 
enables the student of physiology to draw his conclusions concerning the 
functions of the organ, and at the .same time laniiliarizcs him with the clinicai 
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aspects of disorders of tlie cerehelluio. If a course of demonstrations sucli 
as 1 have suf^gested becairu* an integral part of all courses in physiology, 
the medical student would enter on his clinical studies with a much sounder 
knowledge of the practically important parts of the subject, and with at 
least an elemontarv knowledge of medicine. 

S. W. 

Miam.KSKX Hospital Mepical ^^chool. 

September, 
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REGULATION OF CONSTANCY OF INTERNAL 
ENVIRONMENT [MILIEU INTERIEUR] 

Till-: INTERNAL ENVIRONMENT (MIMEl’ INTERIEI R)' 

Internal Environment (Milieu Interieur.) (laude [loiiitcfi nut 

that. t in*, uxtonial tuivironmiMit of tho orgauisni as a whnh*, r.f/. at m(lS})h^M•i(* 
air ill our own ras(‘, is not tin* uAt.ernal uiiviroiimcut of tin* individual ('(‘Its 
of t.h(^ body. TIk* (:<‘I1s an* (•areiully insulated from tlie ^f-neral extmnal 
environment and are batJnal by the fluid in the minute spat'es b<‘t\ve(‘n the 
cells- the so-callerl //.s.snc or intetslitial jitud. Interstitial llnid can normally 
be collected only with ^r<*a.t dilficulty ; fortunately, howt‘ver, its crystalloid 
composition is almost identical with that of plasma which is easily obtained 
for analysis. It is ciistomary in fact to use plasma analyses as a ^uide to 
variations in tin* composition of the int(*rstitial Iluid. Ghnnli* Bernard called 
tin* interstit ial tliiid and the [ilasma, the ittfrttutl rnrin)nnK>>il {nn'Iir.H in1ry 'h'.in')r 
He emphasized that in spite of the very widi* ranee of variation t hat oi curs 
in (he composition of the (‘xternal environment, the internal enviromneni by 
contrast is kept remarkably constant as a result of the inter\o.‘ntion of many 
compensatory mechanisms. The way in which tln^ constancv of the internal 
environment is maintained with r(‘spect (for exam})le) to acid-base (*<pali- 
briuin, (.smoti<- [iressure, concentratioa of individual solutes or of ions (suear, 
Na \ K , (Vi'), and tcm])erature is tine of the most important problems 
of pliysiolo^y. 'fhe eonstancy of the internal (*n\'ironment is not absolute ; 
under normal conditions slitdit variations occur as with all so-called plivsio- 
!<»jiieal *’ eonstsints," If the stresses imjiosed on the system beeonn* too j;r(*at 
tin* composition of the internal environm<*nt may alter siixnilieantlv, often 
with disjistrons elleets. (’laiide Bernaal pointed out that the eonstanev of 
the comjiosition of the utllinf ittirrlcttr is “ the condition of a free, life.*’ If 
by a free lift* *' is meant vigorous and elfective a(*tivitv of the organism as 
a whole, the. jiphorism is extremely a]»t. Thus a deviation of H' ion eoncen- 
ti'ation from tin* norm.il ydl of 7-1 to 7*0 or 7*S, a ehangi* of serum ciilcium 
from 10 mg. to b or lb mg a change of lilood sugar from K.M) to MO mg 
nuiv cause loss of cimsciousiiess and tin* danger of imminent d(‘ath. 

Living cells art* always undergoing ehaugt*. bnt to surN'ive and function 

* (Maude Itc'iiianl, IutitufuctUm to thr tSfudf/ of H.rpcriint‘nfal Mnllvim (English Iransla- 
titui), N.\., 11141). Oluisted, (laitdc HiruanL ithif-siototfist, A.V., ID.'iS. Harcroft. Anhi- 
tfvturf of l‘lnff{lolo(jinil (..anihridge, IlKM. (■aiiiion, Wisttom if Jiodif^ 

Sh<>rringlon, Mao on his XntHrr, ( a in bridge*, lllal. Sunderinan anti Itoerner, Xortnnl 
I (lines- ill t 'liiiieot AIvdieiin\ JMiiladelphia, IlMU. 

“ “ (^u'est-ee (jue ee jnilit*u interieur 'i ( ■■t‘st le sang. iu»n jias la verile le sang lout 
entier, niais ia parlie Iluide tlu sang, Je plasma sanguiM, enseml>le «le t(»u.s liquith^s 
interstitiels, source et confluent dc tons Ics eeliaiigcs elementaires." (Claude Pernard.) 
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BODY WATEH 




iiorinally tluMi- iiilcgriiv in all T4‘s|m*c<.s, i.v. lonn, clioiiiical coinposilion 

and (dn*ini(‘al organization niiisl Ik* fonstanlly and fnlly r<*ston*d and jOT 
srrvod. Colls niaijitain tlio composition of tlioir ori^anic constituents nr)t by 
inactivity but by ceaseless activity, limuinerable onzyincs are constantly 
brealfinji down all the tir^anie cell constituents, both lai^c^ and small ; on 
tile other hand synthetie enzymes are constantly making good this *’ cliemical 
erosion" by i(d)uilding tlie cell structure IVom the eonipommts of tin* diet, 
and from cellular debris. The stability of tlu* living cell is a djiitaimc one, 
resulting from the establishment of a balance betweem the lireakdown and 
r(‘pair ri'actions. The most comprehensive generalization of })hvsiology is 
that the organism reai'ts to eiixironnumtal (‘hang(‘s (internal or <\\ternal) in 
such a maimer as to ])res(M ve the integrity of tlu* whole organism and of its 
constituent parts. 

The duid inside the tissue ei'lls is called t he. irilritvrlJulur Jlnid ; when its 
composition is conipa.red with that of tlu* surrounding medium (tlu* ■inter¬ 
stitial or extravellular fluid) markeil (lilV(‘renc(*s are reAeahal (p. b). To 
maintain the <*haractcris(.ic pattern of its eh‘.ctroIyte (amtent tlu^ cell must 
use energy which is derived from catabolic processt‘s (p. S). In order that- 
a ceil may function normally it must maintain tlu* (’onstamy f)f its own 
internal '' juavate ’ composition anil also be. batlu'd in a siirromuling llnid 
of utterly dilferent composition whi<*h also must be k(*pt approxima,tely 
constiint. Thus, if the Ma"' ion concentration in the interstitial fluid is 
decreased, the cxcitaliility of nerve tibre and skeh‘tal and lieart musch* 
diminishes ; in tlie absence of interstitial Na ' ions, excitability disajijiears. 

The body then is a highly sensitive, highly ef}ii*i(‘nt self-legn la ting and 
thus self-preserving mechanism; it automatically preserves tlu* constancy 
of its own private internal world in tlu* face of the ividest variations in the 
character of tlui outside world. l*ut with the development of inlelli(jene<\ 
man need no longer depend exclusivady on his iidM)rn nnconscioiis rea(‘tioiis ; 
he can devise new supjdeinentarv protectivi* methods, 'rims he helps to 
maintain the constancy of body tem])e.rature at tlu* North Pole ami Kipiator 
by attending to such matters as clothes and shelter; in ''(conditioned" 
houses he can even j»rovidc for himself the external (‘nvironinent most 
congenial and convenient to his body and mind. .At high altitudes he can 
overcome the ettects of o.vygen luck (anoxia) not only by automatic, phvsio- 
logical reactions but also by deliberately providing liimself with a supfdy of 
pure oxygen or by em-asing himself in a. pressurized cliamber in which the 
atmospheric conditions present at sea. level ari^ inaiutaim‘d. 


BODY W.ATER AND BODY Fl.UrD. OKNEirAL SUBVKV 
OF WATER AND FLIJJD ENCnANOES' 

Body Water.- Water is the largest constituent of tJie. body; about 
ol the total body w(*iglit consists of water. The body of a man 
weigliing 70 kg. thus contains about 50 J. of water. Tlu*. waiter content of 
most tissues is 70-80%, the skeleton being the [)rinci])al exce|)tio*i witli a 
water content of about 20%. Tt is a little surprising tliat bones should 

^ Gamble, Kxlramliidar Fluid, Harvard University Pres-s, 1949. Piders, Body Water, 
Springfield, lUiaois, 1935. Physiol, Rev., 1944, 24, 49. 
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cont.ain even so much water, l)ut it must 1)e remenilxTed tliat one-t.liird of tlie 
wei^lit of a fr(‘sli bone (‘(nisists of organic, material dissolved in water (f-he 
inorganic salts constitute the tvvo-tliirds). 

Body water is foinnl : 

(i) lnsi(/c the cells Infntrellular wa.ter : 

(ii) ntilsidr the c(‘lls -r.tiratrllnlar water. The extra-celliilar water is 

furtiier sul)divid(*d into ; (o) water in the j)hs)na ; (h) lnter- 
sfiflal tnifrr. j>resent in tln^ cracks atid cr(*vic‘cs (tissue spares) 
wlii<'li Ji(* lH‘tw<-(‘n the tissue c(‘lls. Ailditional juiiuir divisions 
of tli<‘ e.\l raced Ilia r water are : Ipatph (in the lyin])hatic vessels), 
rnr'hrosjaHal flai(f, and aijanms Imnamr (in tin- anterior chamber 
of the eye). 



I ' ^ I 

I INTRA-CELLUUAR FLUID i 

I 50% BODY Wt. ! 


i. -Diagram ^luiwiiig l*rim-ijiaJ t lorn part men ts 
of Body Fluid and Main Fluid Kxeliange.s t hat 
lake ])laee in the Btaly. (After (Jarnhle, 
E.rtravrilular Fluid, Harvard I'niversity ]‘re.ss, 

itmi.) 


^ Approximate quantitative data for a man weighing 70 kg. and ff)r one 
weighing (>0 kg. are summarized below (see also Fig. 1) : 


^Fotal body w'eigbt . 

• J00% 

70 ks. 

60 kg. 

Total body water 

• 70-4 

50 J. 

42 L 

(i) Intracellular water . 

. rA)% 

35 L 

30 L 

(ii) Extracellular xvater. 

■ 20% 

15 L 

12 L 

(a) plasma . 

r>% 

3-5 L 

3 L 

(b) interstitial water . 

■ 15% 

11-5 ii 

b L 
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WATER EXCHANGES 


Water Intake and Water Loss. Jiody w.itor is coiistaiitly carryin^^ 
out t‘\r1ijm«>vs with the external euviroiiuieiit (Fig. 1). 

(1) Water is nonnallv nhsorhni into the body from tin* hour] \ it ean 
also he introduced art ilicially, c.f/. hy suheutaneous <u* intra.V(‘nous 
injection. 

(2) Water is rl'nu'mated from the body : 

(i) via the kiducff in the urine ; 

(ii) via. the sk'm [a] in so-ealh‘d insensible ptu-spirati(Ui and {h) in 

sweat : 

(iii) via tlie Juiufs in tlie ex|>in‘d air : 

(iv) to a, minor degii'c via. the huyr Intestine in th<* ra*ct‘s. in laetating 

women in tin* ntilh (and from tinu* to tim(‘ in the tears). 

('i) It must also bo T'enn'inbered that, watm* is constantly being /brnnv/ 
ill all tissu(?.s as an end-jirodiict of the oxidation of tin* food-stufls. 

Ap|)roximate (|uantiiativ<‘ data (both average and rang(‘) for these 
exchang(\s ])er day are as follows : 

ITu/cr intake: as wat(‘r, IbOO c.c. [range : () to S(‘V(‘ral litn*s |)(*r hourj : 

in food. JtH.Ki c.e. [depimding on compositiv)ii of diet j ; 
from oxidation in tissues, .100 (‘.c. 

Water loss: in urim*, 1500 c.c. [range :'iinder 20 c.c. to over 120(» c.c. 

pt‘r hour j ; 

v‘* sl'in ^ perspiration [constant at (iOO S0(i c.c.] 

‘ ' [sw(‘at [range : 0 to nearly 2 litr(\s jxu’ liourj ; 
via lungs, lOO c.c. : 

in fa‘ces, KX) c.c. [in(!r(‘a.s(*d in diarila^a]. 

Over a reasonal)h* period of time water intake and water loss must lx* e(pial 
if the normal water balance is to be maintained. W'ater intake can lx* 
reduced to mjtliing, the only .source <if water then lx‘ing the small vohinie 
form<*d during tin* oxidation of IVxxlstulT.s. Water lo.ss, how(‘ver, cannot 
normally be. reduced to tin* same degree ; thus 

(i) in.seiisible |x*rspiration from tJie skin and water loss by eva]joratioii 

from the lungs never fall below about 1000 c.c. ]x*r day ; and 

(ii) a minimal flow of urine of aliout KK) or .500 c.c. per day is needed 

for the excretion of w^aste imxiuets. 

Excessive water loss produces deJiydration, and excessive water retention 
produc(*s hydration ; lowered water content of the lilood is ealh‘d anhydneynia 
and excc.ssive water content hydramia. 

Body Fluid. -Ihxiy water jiliis its dissolved s()lut(\s is called body fluid, 
liody fluid can be regarded as lying in three conrparfments (Fig. 1) : 

(i) the iidrarellular fluid wdiich is bounded by the membranes of the 

individual cells ; 

(ii) the plasma wliicdi is bounded by the wralls of the blood 

vessels, and sjxieifieally in tlui capillaries by a thin-walled 

endothelium ; 

(iii) tlie interstitial fluid (tissue fluid) which is separated from the 

intracellular w'ater by the c.ell meiribranes and from plasma by 

the cajiillary endothelium. 



COMPOSITION OF BODY FI.UIDS 


Composition of Body Fluids. —ConsiciorcMl iiiitiMlly in a .simplified way, 
plitstna e-oiisist.s of wal(M*, di.s.solvoti c-rystalloid.s chief bein^ Na(H) .-uid 

dissolved colloids (mainly j>rr)tein, about 7--S";',). (tissue) Jluid 

has approxima tely tiie .same cry.sialloid (‘om])o.sitioii as plasma but il.s j)rotein 
content is small J Infraerllutfir Jlrnd has an entirely dill’erent cojnposition : 
ill many cells it contain.s little or no Na^‘ or Cl' ; the ])rincif)al cation is K' 



PLASMA FLUID FLUID 

-Fa;. -< III* (/onstitU(‘iits uf IMasma, Jiilersiilial 

Filial, Ti.ssM<* Cells aii<i Ked JIFmkI Corpiiseles. (After 
(JaiiiMe, KA'intcvUuhtr Fluid, Harvard Ciii\t*rsitv Fri'ss, 
l‘MU.) 

< 'nmrnUittiims are expressed ill iiitl|j«‘i|iiiv:ileiits per litre uj H'ltft r. Niui- 
Kleet. noii-e|eetri)ly(es; 111*04 iiior^ank' jiluispiiate ; -\ H POj 

erjiaiiie idiespliate ; Orji. A — oriiaiiie aeids ; t-iuf iiiidideriiiiiied ; I* 
plasma protein; A.'I'.I*, aileiiosiiie tri|>)io.sphate ; J)i|»li. lll\e. 
diptiosptioi'lx l erate ; llh liamioe|otiiii. in eaeii l>o.\ (ii.'t^ram Die left- 
hand I'oiuiiin ilepiels eutioiis, the rit'ht-hand eoluinn anions. 

(ajid stmie tlie principal atiions arc organic j)hosphate (XJ 1 PU 4 "). 

bicarboinite (IICO./), and suljtliatc (iSO.,") ; it contains far more ])iotein tlian 
plasma ; in miisele fibres, for examjde, the protein content is about 20‘br. 
The eotteeiflntlinHs of*tJie eonstitin'iils of llu* body Iluids are eompared in 
Fig. 2 ; th(‘ values are (‘\j»re.s.sed per lit n* of v/w/cr. Tin* TabJt* on ]), 0 gives 
the composition of plasnia ; tin* values are lln'ie <‘xpre.s.sed jier L or fier 
loo e.e. ot /flasiHd (bT’h of the iilasma and of tin* r(‘d cells is wat(‘r) 

(cf. j>. 8). 

* The compositioLi of eerobrospiiial lliiid is set otit in detail on p. Hi). 
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INTERNAL FLUID EXCHANGES 




Composition 

of Plasma 

1 



Base 



Arid 



m.Ei|. Ij 

ing./l(X) c.(*. 


Ill. El |. /L 

mg./JOO c.c* 

Na- 

113 

330 

IKHV 

27' 

Ibb 

K- 

f) 

Ul-5 

VA' 

103 

305 

(h ' 

5 

JO 


2 

3r) 

* 

o 

2-5 

S( 

1 

1-5 




Organic . 

,\cid t) 



155 


rrol(*in 

h> 



If);, 

Internal Fluid Exchanges. -In to tlip (‘xoliniijics hetwoon 

tli(* 1)0(1 V Jind till* I'xtonial envinmnioiit rolVrml to al)oV(> tli(*n‘ is a iiiiKdi 
vastor internal turnover of water : 

(i) \\‘at(M’ is s(‘(;reted in la.rg(‘ amounts (a.l)out S L per day) hy the 
di^(‘stiv(‘ lilands (salivary glands, stomaeli, pancreas, livei', small inlestim*) 
from flic blood into tlie lunuMi of the bowel wlnmei* it is (a)m])l(*t(‘ly rcabsorlxMl 
into (In* blood (almost entirely in the small intestine). a])a.rt from tin* v(‘ry 
trivial loss in t.lie fjeces. 

(ii) A constant largc-seah? to and fro iri((‘rcliango is always taking place 
be( w(*en thi^ plasma (in the vascular coni])artinent) and the int(*rst itial tluid 
(in the tissue s|»aces). 

(iii) In the kidney some 170 L of water are filtered out in the li 1 hours 
from tin* glonn'rular capillaries into iJie ea[)sules of l5ownian to pass down 
tin* r(*nal 1ubul(*s wlienee it is almost completely reabs()rl)<‘d into tin* blood 
again, apart from about 1500 c.c. wliieli an^ pass(‘(i out as tiriin*. 

(iv) Sma,ll(*r scale (*xchanges are taking place betwe(‘n tin* blood and tin* 
c(*rebrospinal iluid or the aqueous humour. The principal int(‘rnal turnoV(*rs 
can be summarized thus : 


Bowel: blood-->digestiv(* glands >iunnm of bowt*l->blood. 

Kuhieij: blood- -glom(*rular ca])illaries -Bowman's capsuh* (glomerular 
filtrate ^down renal tubule blood. 

Capillaries: blood >tissue fluid ii i 

^ ; lym])hatics *l)loon. 

Brauf: blood->choroid plexuses -•^cerebrospinal fluid >blood. 


Interchanges between Various Fluid Compartments. This (piestion 
will be d(*alt with more fully later but must be touclied on here. 

Pl.asma and IN'J KnsTiTrAt- FldiI).- The eaj>illary endothelium intervejies 
between these, two Iluids. Tln^ cjulothelium is Ircely ])ermeable to water and 
all dissolved crystalloids ; und(*r conditions of equilibrium therefore the 
concentration of the crystalloids in plasma and interstitial fluid is roughly 
the sann*.. Normally, how(*.v(*r, the ca])illary mendnane is almost completely 
impermeable to prot-ejn ; plasma contains 7 of protein while interstitial 
fluid contaijjs very litth?. Tin? pn\s(uice. of ionized protiun molecules in the 
plasma leads to certain diflbrcnces, in (dectrolyte composition, between plasma 
and interstitial fluid (tJie so-called Dorman etftiilihriam). hi abnormal states 
^ The! ineaiiing of ni.K(j./I.« (inilli(M|ui valciit.K per litnq is cxpluint^d on p. 12. 
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th(* |>(*rnir«l)ility of tli(* (•.•jpillMrv holiiim is iiirreasod and tlion 

coiifcnlrations of protoin oscapo into tlio intorstitijd jliii<ls. 

In'J’KUSTitial KiaiiJ) and iNTUArKijaiLAK Knoiod l^frmmhilitff of Cell 
MriHhnioe.s. Tlio |>rnpcrl ios of I ho inoinhnnios (‘iiolosin;: tissue eells and nul 
colls ha VO boon studi(‘d in »»ro.at detail hut our knowl(‘d^<‘ of the .sul>joet is 
still inoonipl(*l<‘. d’ho chief lindings an^ as follows : 

(i) Tlio coll moinhi’ano is f’rofdy porinoahlo t-o wa.tor. 

(ii) It is and has to ho if tho cell is to liva.^ at all fro(‘lv pornieahlo to 
hunl inatovials such as ^iueos(‘, aootoa(‘otato and aniiiio-acids \vlii(*h pass 
in, and products <jf motaholisin like un‘a, whic-h ])ass out. Some inotaholitos 
like lactate may move in or out of tlio cell under diflorent circumstanccis. 

(iii) Tlio coll momhram* is prosiirnod to ho inipo.rinoahlo to ])rotcin ; hut 
in tho caso of tli<‘ liv<‘r, protein can undouhtodly ?nov(‘ in and out of the 
cells to re^iilat-e tho ])lasnia protein concentration (of. |). ]‘t8). 

(iv) Tlu^ coll inomhrano is iinporrneahlo to on^aniv pliosphato anions 
(rojuesented as X 111*0,", whore X is tho organic radical, ejj. in adenosine 
tripho.sphato) ; it is pennoahlo to inonjahic phos}diat<‘ ions. The tissue cells 
(and r(‘d cells) arc, ricli in organic pliosjdi.ate which is thus locked away ’’ 
within thorn : the plasma and int<*rslitia! fluid rrrdy c(mtain small amounts 
of inorganic pliosphato. 

(v) Tilt* i<‘(l (M'll nHunhrano is fr(‘ely pormeahlo to other inorganic anions, 
e.g, chlorid(‘ and liicarixmate (of. p. 419). Tissue colls (unlike red cells) ctmtain 
no chloride alt-hougli tin* interstitial fluid is ricli in chloride (Fig. 2). It is 
alleged that tissue ooll momhranos are impermoahJe to eldoride ; tin true 
e.xplanation may he that the chhu’ide is actively (extruded hy the etdl as is 
knowji to Im‘ tin* case for sodium (iofra). More information is needed on this 
subject. 

(vi) Tissue (‘oils contain little or j).o sodium ; rr‘d, (‘.ells contain some 
sodium lull in far Jowiu; conctujtration tlian does plasnia. Tissue cells and 
red colls a.re rich in jmtassium, tho concentration far exceeding that in 
plasma.. It- was tiiouglit in tin? past that cell inomhraiKJS were, inijrerineahle 
to cations and thus to sodium and |>otassium. TJiis view* is incorrect, as 
sliown hy tin* following ol)servat.ions. 

(u) Studios wit h radio-activ<^ isoto[K*s show that Na ' and K* move freely 
in and out. of red cells in llie circulating blood. 

(h) During the activity of Jiorvo iiirres Xa' leaks in and leaks out of 
tho fibre ; thes(* inox ements are r(*vers(*(l during the recovery process (p. 485). 

(c) R(*d e(*lls stoi’od in tin* cold outside IIk* body lose K ' and gain Na"^ 
after reinjection ijito the circnlatio]i they cxjjel tin* newdy added Na'*' and 
regain K It will In* shown that living red cells by using energy derived 
from metabolic proct*sses ju-tively maintain their normal, characteristic 
cation pattern which is so diflenmt from that of the surrounding plasnia. 
When red cell metabolism is depressed, or ceases, the cations move }»assively 
with the concentration gradient, i.e. the red cells then lose K+ and gain Na'^. 

TJiese jihenomena. aic discussed more fully below. 

(.Nation (hiANcjKs in Stoukd Blood. Samples of blood treated as sliown 
in the Table (p. 8) wen? examined, (i) In fre.sh blood tin* red cell cation conleots 
are K 100, and Na', J2, m.F(j. per litre of red cells ; since th(i cells contain 
about 70‘!;, of wat(?r, the amount of K+ in cell waler, i.e, the vonceniraiion of 

’ I'ssiti}'. Vhysiol. IfMU, "RK 1-7 (1 rniis|Hirt of icnis arross c-t'llular inonibranPH). 
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C ATION ( IIANC^ES IN STOltEl) ELOOl) 


(iksijmIIv writfo.* ( K ■ |) is I M 'L : (N'.i * | is 17 : | K! Nm ' | i'^ 

I/i j)lnsni;i, |K * I is .ihoiif and fNa' | is nhniil 1 l‘) ni.K(j. L ol /ihisfHd. As 
pL'isiti.M coFituiris .‘ilxnil pliisnut (K* | is T) :in<l (Nil’ |, I-x* 

(>r pIxsniM (nifrr. Total |K‘ I Na ' | is HiO. It will lx* noted that r(‘Ils and 
plasma are in osmotic ci|nilil)rium. (Tal)lc, (I).) 



'IWULK froin 



(’Kl.LS. 

1 

‘lasma. 

\'»)|UMX*. 

CouIimUs ' (‘onoentralion 

1. in.K(j./L (»l‘ 

«>! n ils, 1 n il irah r. 

('out cuts 
ui.lv|./'L 
of phisnid. 

('4>n(<‘ulri»tii>n 
in.Ku-.b of 
' plasitKi inifcr. 




! K' 

N;i- 

IKd 

• INx>l 


i Nm- 

IKj! 


(1) ; 

S.7 

inn 

\2 

III 

17 

.7 

14.7 


1.7.7 

(-3 . 

SO 

70 

4.7 

99 

(ill 

24 

■ 129 

20 

; 192 

(•b ; 

97 

no ! 

ii2 

SI 

SII 

90 

^ 112 

99 

; 129 

(4) ; 

SU 

9- j 

1»0 

■ im 

29 ; 

l(» 

199 

^ 1 1 

1 NS 


Tn'ulmi Ht (if hloofL 

I. I'^'cslily rlrawii hlood. 

('(ild-stnrrd lor 7 days; no «rluoosc a<l«lod. 

II. I'dood trratrd as in {2) and then imaihalcd at Ii7 (\ lor IS hours {no glucose added). 

4. I’dood stoied as in (2) ainJ theji ineui)at«‘d at 157 (’. lot' IS hnuis (u;lueose adt/n/). 

(ii) If iVcsli hhxxl is cold stored, nxl cell metaholism is re<lneetl to a 
minimum; as a result tlie cations flow with tin* concentration Gradients, 
c<*ll K ’ t hus fallino and Na ■ rising. As the latter proctxxls moia* rajudly 
than th(‘ Idrmer, lofftJ cell hase (Xa • t K y) im*n.‘ases : hecause of the increased 
intracellular crystalloid osmotic j)n‘ssure, water ilows into the cell (Tahle, (2)) 
and the cell volume rises from <sr) to in 7 days ; l)ccaus(‘ of this movejmmt 
of wattu', the. cation (‘OHccufmfions in cells and j>la.snia still halaiua*. If the 
cold stored blood is now incubated at body tem|)erature ivitlamt (ftltlal f/hn'(i.sr. 
tln^ bhxxl elucose i.^ s(X)n used uj) and red cell metabolism ceas('s. 'riie j)rocess 
of ()assiv(* diffusion (»f Xa ^ into, and of K' out of, the cells wit h tlu' n'spectivt* 
concentration Gradients, is s])ee.ded u|> l>y the ris(‘ of temperature. I'ofal cell 
bast; (mifrnf and cell volume, tluTcfore, increase further althoujih total cell and 
])la.sma base (catitm) etweentmthytts still remain aj>proxi]nateiv equal (Table, 

(iii) Tf, oil the other hand, ///y/co.s*c /.s' added to the cold-stored blood and 
the mixture is incubated at botly temperature, cell metabolism is restored 
and the cation ])att(‘rn begins t.o retuni to norjual ; thus tin; (m;I 1 Na*" con¬ 
centration is low(;red from 03 to 20 m.Ktj. b although <*xt(*rnal, i.r. plasma 
[Na ' I i*^ initially 132 m.K(j./L ; cell [K* | rises, c.r/. from !0) to 131 m.Kq./L ; 
the movennmts of both Na ^ and are occurring affalnsf the cf>ncentration 
gradient. Hoth total base and c(‘ll wati'r decreasi; and cell volunn; returns 
pra(;tical]y to normal (Tabh*, (<1)). 

Mkcuamsm of Activf: (Nation Thaxsfkk.^ Movements of ions against 
concentration gradients re(piire. the expenditure of energy, which in the rAl 

^ For full flistui.ssioii seo J-’lvun and MaiwTs, J. rhusiol.^ 1940, 110^ IJOl ; Mai/.<‘ls, 
J. Physiol.^ lOul, //.?, .79. 
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coll is l)y iiiclMholizing "liicost* ; iiianiiosf; and JVnct.osr will also 

s<‘rvc, l)iit not; j^alactoso or other siij^ars. Tin* process is not inhihited hy 
cyamd<‘. or carbon monoxide, and so is independent of tlie cytoclirona* 
mechanism ami of respiration : ]>iit it is inhibited by soilium ll\iori<le ami 
iodoacetate and so depends on enerjxy snj)pli(*d by ^dycdiysis, /.c, the break¬ 
down of glucose to lactic acid which can take place, in the j)n‘S(M)Cf‘, or 
absenc(‘, of oxy^tm. Tims alllnnielj human re.d cells have a ne^dijiibh^ level 
of respiration they can olitain em-rey for cati«m transfer fr(»m ejyeolysis. 

In the recovering red <‘ell, tin* enci-ey is used primarily to expel the Na ^ 
(which has entered), out. of the <‘ell iiito tin*, interstitial llniil. As a result of 
this pro(‘(iss, the physical (Mmditions within the cell are chan<i(>d iji such a 
manner as to p(‘rmit tin* intracellular ]M'otein and organic phosphate anions 
to attract K ■ into 1-h(i cell from the interstitial Iluid aj^ainst. thi*. eom*entration 
gradient. In normal red cells, circulating in the plasma, the constant 
tend(U)cy of Na*^ to enter is overcome directly by ih(‘ energy liberat(‘d in tlje 
cell, and se(‘ondarily the cell is retained. It is j)robable that tin* cation 
patt<‘ni of other tissues is maintained in the same way. Thus the «listribution 
of K+ and in muscle and nerve fibres is si?nilar to that found in human 
erytlirocyles ; its normal maintenance likewise d(*pends on active, cat ion 
t ransjiort and probably on glycolysis. 

(Jlycolysis, w'hich is a less effective source of eiungy than respiration, 
reh^ises enough energy to enable a cell to maintain its invn cation pattern. 
But- when a cell is also engaged in mediating active ionic trans})ort on b(‘])alf 
of other tissues, glycolysis does not supply sufhci(‘nt energy ; thus the renal 
eells w’hich also have to transfer ions from the lumen of the renal tubuU* into 
the, blood often against the. concentration gradi(*nt so as to maintain the 
electrolyt-e })atte.rn of the whole body, must rvxpiir to of)tain enough (‘nergy 
for this work ; if the cells an; [»oisone<l with cyanich* aeti\'(* ionic transfer 
ceases (p. 211). 

Determination of Volume of Water in the Various Body 
Compartments.^ —The princi[)h*s underlying tlie methods of determining the 
volume of ])Iasma, interstitial Iluid. and intracellular fluid are simple. 

i’li.ASMA VoLUMK. (I) Difcsltiff To detej'iniiie j)lasma vedume 

a non-toxic dyostulf which is easily icient ilied and n'adily d(*t<*rmined (plant ita 
tively is injected intrav(*nously. Tln^ id(*al substance after intrax'cnoiis injec¬ 
tion shouhl (i) not ])enet rate into the rt*d blood cells, (ii) not l(‘ak out- througii 
the ca])illary endothelium into the tissue spaces, and (iii) Im* rapidly and 
uniformly distributed throughout the entire circulation, d’he degn‘(‘ of 
dilution of the dy(^ is a m(*asure of the [dasma voIiiuk*. The dvi*. Evans' blue 
(T1S24) has very a|>[)roxiinate!y these properties ; it is retained in t in* eircula- 
tioii b(u*ause it is bound with serum albumin. Tin; results given by this 
met hod tend to err on the high side. 

(2) Ra(li()-i{HVnic-plasm(i-ifrolein Method r> mg. of iodim* containing a 
trace of radio-active isot-opc (either J-*”!*, half-life. J‘l liours or lialf-life 

H days) are added to r>t) c.c. of ])la.sina in ritro ; tin* iodine combines with tin* 
jilasma protein. The ir(*,ated plasma is iiijtH-ted intravenously ; the (h*gree 
of dilution of its radio-activity is a intiasurc of tin* ])lasma volume. Tin 

1 Set* Mf'thods in. Medical Research,, lur)!, 7, Section 11, 

- Nol)Ie and (IregtM-soii,./. din. Jnrediij.,, JlMti, loS. 

® Fine and Seligmun, J. din. Jnredig,, 11144, 7l*U. 

I* 



10 DK/lKHMlNATION OF RED CELL VOLUME 

uietluHl is hiisst^l on tin* relutivo iiuperuicubility of the capilljirv erifiollieliurn 
to ])lasnm j>rotein.^ 

JIki> Uki.l VoLi’MK.- (1) From Plusnui Volume, ami llwmatorrit Value. - 
'riie i(‘lative volume of pUisina. and corpuscles is determined by ^;entri^u^^in^ 
oxaluted blood in a j^radiiatt'd tube (hamatovril) : the corfuiscles sink to the 
bottom and are closely packed tojjethen the f)la.sma rises to the top; the 
volum(‘ of the packed red cells and of the supernatant plasma is road off. 
'rin' avera^i' normal tin(lint£s ar(‘ that iOO c.e. of blood contain 45 c.c. of red 
cells arnl 55 c.c. of plasma. If the total ])lasma volunie and the ratio of red 
cell/plasma volume are known, the total red cell volume can be calculated. 
Thus if the plasma volume is 2750 c.c. and the red c(‘ll/|dasma volume rati<» 

is 15 55. tlien the total e(‘ll volume is 2750\ 2250 c.c. The calculation 

' 05 

assumes that tin* <‘(‘ll/'plasma ratio in tin* blood in a larur rein (tlie blood 
usually examined) is the sam<‘ as in the blood volume as a irholr. This is, 
Imwever. not the case ; wheri the cell volunn' is dt‘t(‘rmined directly (infra) 
and is compared with plasma volum(‘, the cell volnnu' is found to be /c.s*.s 
i]i the ratio of 0-S5/1 than that calculated from the plasma volunu* det(*r- 
minat.ion and hrcmatocrit timlinjis.*'^ This means that the bh)od in the small 
V(‘ssels contains rcdatively /c/ccr cells than the blood in the* main vessels. If 
the c<*ll/plasina ratio as determine*] in blood from tln^ jiiain arteries and v»‘ins 
is represented as I. ther\ tin* relativ(* cell content elsewln*r(* is : meditim vessels 
0d)2 : whole body blood (hS5 ; miinite vessels (arterioles, (‘a))illaries, venules) 
0-bS ; liv(‘r vessels about 1 : spleen vessels over I. 

(2) Direet Fed Cell Wdanw Deferminafton 'uarng Radi<t-irnn.^ Two useful 
radio-isoto|>es (p. 209) of iron are available : '*-‘Fe*, half-life 17 days, emits 

and /Trays : halfdife 5 years, <*mits X-rays. Ferric ammonium 

citrab* e<piivalent to J m^. of F(*, with a frure of its iron as the radio-active 
isotope '*'»Ke* or '‘’Fe'’'-, is injected intravt*nously into a sul)jt‘ct (called the 
donor) who shouhl belong: t<» Uroup (> and be Kh m'^ndive. 'Die radio-iron 
is taken u|) by the red bone marrow' *)f the (ionor ajnl is us«*d in t in* manu¬ 
facture of new' red cells. A measured volunu* of the doTior's blofxl is with¬ 
drawn and the radio-activity of a cell sample is determined ; the donor's 
radio-active bhxxi is then injected itito a recipient whose cell volunu^ is to 
be nu'asured. Tin* injected '' tap:ii;ed ’* (radio-active) red cells are thorou^lily 
mixed up by tin* circulation with the recipient's cells. \ s])(*cimen of the 
re<ij>ieiit\s blood is wdthdrawn and the dej;(ree of dilution of radio-activity 
ii» a cell sample is determined ; from this the deforce of dilution of the injected 
red cells by the recipient’s red cells and thus the recipient's re*] *‘ell volume 
is determiTje*]. 1’he most r*dia,))]e ex{)ression for the ratio of red cells to f)la.sma 
in the enlire blood voluTne is 

red cell volume determined by radio-Fe 
plasjua volume determined by radio-J-protein. 

Extra CELLULAR Water. Ideally this volume c-ould lu* det.**r!nined by 
measuring tluj degree of dilution of a. non-to.xic substance with these 

’ It is n()t*‘\v(>rthy ihsvl :is ;i ina1t* r (tf tn-t 10 2"/’„ of IIm- iiMliiiiiti'd jnolciji *‘sc! 1 ]m‘s 
fii>i!\ the ])lastria in the tirst hour (about the saint) rale at which the. blue dye escapes). 

- Cibstin et al.., J, din, Invedig., 1946, 25, 848. 

’* Gibson ei a/., J. din, InveMig,, 1946, 25, 606, 616. 
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pr()])erties : (i) it- can pass freely tlirnngli iht* capillary (^nflotlicliuni and 
become niiilormly distribut-ed throngliout the extracelliilfir water; (ii) it 
cannot pass through the cell membranes ; (iii) (luring th(i mixing period it 
is neitlier metabolized lujr <‘X(U-(d.ed. Kadio-iicti\e Na, |“^Na*J or (/I 
(given as NaCl) may be used ; but even these ions penetrate to a siiimII 
ext(Uit into certain tissue cells and so give \'alues for the extracellular 
water which are too high. Tf the volume of thi‘ cixtracellular water and the 
plasma are known, the volume of mt<‘rstitia.l water cun be derived l)y 
subtraction. 

Intkackllitlar Wateu. To determim* this voJum(\ total body water 
must be determined by administering a substance which dilfustis fre(*Iy 
throughout the water of the body, i.e. it must be able to j)ass through all 
cell membranes (as well as through the capillary endothedium). The only 
known sul)staTice with the necessary properties is heavy water (J)20), i.f. 
water in which tin* ordinary H atoms hav(j been re|)laced by deuterium (1), 
heavy hydrogen, of atomic weight 2). Heavy waiter in the concentrations 
used in such experiments has the same properties as water and like w^ater 
moves freely into and out of cells.^ If total body water is known, on subtracting 
extracellular Avater tlie volume of the intrac-ellular wat(‘r is d(*rived. 

SOME ELEMENTARY CHEMICAL AND PHYSICO CHEMICAL DATA 

REVIEWED 2 

It is essential to hav(^ a clear understanding of th(^ following terins : 

Electrolytes. Tons.-- -All acids, bases and salts (derf roly fen) in aqueous 
solution dissociat-e to a varying extent into (dectrically charged j)a;T.icles 
called urns. Tims, in the l»()dy fluids Nad does not exist as the molecule, 
but as f)ositively charged Na ions (Nad) and negatively charged (M ions (CV). 
Similarly, NaHC03 dissociates into Na+and HCO./. In an electric held all 
positively charged ions (H+ and the so-called basic radicals, e.g. Na.^, 
K+, Ca.++, Mg^"^) move to the negative pole or cathode, and are 

tlienifore (;all(Ml cafioos ; all negatively charged ions (Dll' and the so-calhaJ 
acid radicals Cl', HCO./, HPO^", SO/) Jiiovc to the p(>sitive ])olc or anode, 
and are therefore calhal aiifonn. At the sliglitly alkaline reaction of the body 
fluids the ])roteins exist as salts {i,e. combined with bases), e.g. in ]>hisma as 
Na Prot(‘inate which ionizes into Na"^ and an enormous acidic anion, 
Proteinate/ (p. 131). 

It is im])ortaiit to consider tln^ behaviour of the indfridaal ioos separately 
(and not iji terms of the salts from wliicb they are derived) as tlie concentrations 
of any ion may vary independently of the others. Thus th(‘. conceutratioii 
of Na*' and Cl' may vary independently of one another. Certain of the 
\organic solutes in the body fluids are uii-ionized ; e.g. urea and glucose exist 
i'^as the molecules and are thus mm^electrolyles. ’ 

Molar Solution. A molar solution contains the molecular weight of 
the substance ex])ressed in grammes (g.) dissolved in 1 litre (L). Thus a 
molar solution of NaCl (atomic weight of Na is 23 : of 01 is 35-5 ; molecular 
weight of NaCl is 58-5) contains 58*5 g. of NaCl per L. 

^ For toclini(|uo see Sehloerb et al., J. din. Investig., 1950. 29, 1296. 

* Davson, General Physiology, Lorulori, 1961 (full treat nuMit of physiro-chemica 
aspeirts of physiology). 
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FLUID AND KI.FA'TROl.YTK KX( ir VX(;K 

voliunr of ( YA, (ineasuml at N.T.P.) which thii IhA'O;^ (»r would jrivc 

ofT after acidification in a vacmiin. These v<»ls. of (H)j, per 100 c.c. hlood are 
(•onv(Tt(*d into in.Bcj. ]>er L by div^idinj; by 2-2‘2. 

Thus ‘5 vols. |»<‘r c(‘nt. of COo as 1] [ 2 22 11 in.lvj./ L 

50 vols. ))er cent, of COo as BIJCO^ 50 ; 2-22 22-7 in.hhp Ij. 

PflVSK^AL KACTORS INVOLVEH TX FIA:|I) AND KLK(TR()LYTE 

EXCHANfJE 

Ih'fore (‘OMsi(h‘rin^ in detail the inovenient of water and dissnlv<‘d siil) 
stances (s<)lutes) l>c‘tween th(‘ various coinpartnienls of lln* body certain 
[)liysi(‘al eonsiderat inns must be recalled. 

Fji/ruATioN. My filtration is meant the jiassa^e of water and dissolve<l 
substances tliroujrli a membrane owin^r tn a ditfereiu'e of liydn»static |)r(‘ssur(‘ 
on tin' two sides of the membrane. Tliis <linerencc of pressun* is t(‘rnn‘(j 
tln‘ tilterinjr force. The fluid which ])ass(*s throu^di is terim'd liic filtrate, 
and consists of water and any dissolved substances to which the membrane 
is permeable.. Filtration characteristically occurs in the capillaries where 
the capillary blood pressun* driv<‘.s a more or le.ss protinn-frc'c jilasma out t)f 
tin* blood vessels. 

Puoi’KKTiKs OF .VlF.MiniA.XFS. --M(‘mbrain‘s <lifler very much in permea- 
liility, i.r. in the size and kind of moh‘cuh* which is allow(‘(l to pass tl.Ln)U<j:h 
tJi(‘m. (\*rtain artificial immibranes only let through water. l)Ut an* ini 
permeable to all dissolved sub.stanc<‘s, cj/. tin* well known cojijx*!- ferrocyanide 
pot; * such nn*mbranes an* called “ s(*mi-permeabh*.“ - 

(i) The meml»ran<‘s of the tissue c(‘.lls show the peculiar difl*er(‘ntial 
permeability fully discussed on p. 7. 

(ii) The capillary endothelium (p. t>) is fre(‘ly j>(‘rmeabh‘ to all the 
dissolved crystalloids (as well as water), but normally it is mon* or less com- 
|)letely impermeable to jirot-i'in ainl similar lar^e colloidal particles. In the 
^^lomeruli of the kidney proof is availabh* that a fluid is filt(?n'd ihrou^li the 
<‘a|Mllarv wall whicli is identical in composition with plasma but minus its 
protein and fat. I)ama^(* to the capillary wall increases its permejibility to 
protein ; badly damaged capillaries allow whole plasma (with all its protein) 
to escape ; in graver injuries the corpuscles pass out too. 

J)iKFrsi()N. Tliis is the movement of solutes across a membrane 
separating two fluids under the same hydrostatic jiressun* but containing 
ditlereiit concentrations of tin* solute. Thus glucose, ur(*a, Na', W will 
diffuse from a region of high to a n*gion of hnv concentration. 

OsAioTH" PuESSUHF. OsMosis. These terms are dillicult to deline but 
are r(*adily illustrated by reference to an e.\perim(‘nt. If a strong gluco.s(* 
solution is [ilaced inside a copp<*r ferrocyaiiidi* })ot (which is [X'rmeabh* to 

^ (.’<»[)per f’r?To<‘yani(lc is poKluiTd wlu’ii copixT sulphate* <*iunt‘s into r(mta<’l witli 
potiissiiiiu ferrocyanide: the ])re<-ipitat(‘ <*;m lie 1'ortm‘d in the poies o1‘a p<»rous ]n»t, 
whielv is a (Miiiv('niei)t support tor it, l>y putting eoppor sidphrile inside the pot :md 
potassium terroeyanidi- outside. 

“ Tliis word is .sonuMinies us<‘d to de.srrihe uieiuhranes (like those of the rapill;iries 
which lire p(‘rmeal)](* to wider ami erystalloirls, hut hold hack colloiils. 'Phis sliould he 
iivoideil and tlie wool should only he iisetl in the st'iise giM-n aliove. 'Phere are no true 
semi-p(‘rmeahie im'inhram's in the ImmIv. 
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OSMOTK' PRESSURE 


vsrater but iiiiperiiieiiblu to glucose), and the pot is immersed iii water, water 
passes froFii the exterior into the interior of the pot and the pressun* within 
it risos to a. (UTtain extent. This rise of pressure is a measure of the osmotic 
pressure of the glucose solution : ^ it is as tliough t he gliK^osc molecules within 
tin* j>()t exerted a .snr//o/< artloti atlractmtj water to theiusclve}s with a (*,(‘rtain 
force. 

It should l)c rejnenibered that the osmotic pressure of a solution depemis 
solely oil the ntunher of jutrlieleii (uudissociated molecules and ions) in solution 
and not on tln*ir si/c. Tin* molecular weight in grammes of an (uiulissociated) 
sul)stanc(‘, dissolved in J litre of water, exerts an osmotic pressun* of 22 'l 
atmospheres. Kor example : the moh‘Cular weight of glucose is 18t.); a 
solution of 180 g. of glu(H)se in 1 litre of water exerts 22-1 atmos})heres 
[ucssun* : o r\, solution of glucose (—1 g. in I litre, the concentratioii in 

22-4 

plasma) exerts an osniotii? pressure of atmospheres--0*125 atmospheres 

' 0*]25x70f> niin. Ilgr-Of) nun. Ilg. 

When dealing with the osnuith* juvssure (o.]>.) of solutions, the coiicentra 
tion of osinotically active jiartich^s is often best ex}>r(\ssod as osnioles (or 
m ill i os moles) per L. One osmole (e((uals 10(K) milliosinoles) of a substance is 
that quantity which giv<'s an o.p. of 22-4 atmos}>heros when present, in I L 
of solution. Tims, for a solution of an vmlLssocittied vo)!-electrohjtc, tin* 
molar and osmolar x alnes arc, identical : an osmolar solution (1 osmole/L) 
wdll contain 1 g.-iuoh* of a non-eloctrolyt.c, L, c.//. .180 g. of glucose or 00 g. 
of ur(‘a per L. Jn the ( aso of substances whieli complet-idy dissoi?iate into 
ions, each ion exerts the saine o.ji. as an uudissociated mol(‘(aile. Thus a 
molar solution of Na(’l (Na"‘‘ i (.T) has an o.]). of 2x22-4 atmospheres, and 
is therefore 2 osmolar (2 osmole, L). ff substa,uc*es dissociate, only partially, 
tin* approju’iate, multijilicatinn factor mu.st )»e found l>y exjieriment. 

W(* refer to osmolar concentration (osmolarity) instead of to molar 
concentration wdieu we wish to make clear the additirc osmotic elTect of 
individual ions (pp. 30 32). 

Solutions with the same osmolarity are termed isotonic (or isosntotic). 
A solution termed ‘‘ isotonic (without further qualification) is one that is 
isotonic with normal plasma (though strictly Sj><»,aking a single solution 
cannot be called isotonic without some other ref(‘rejice. solution licing named) ; 
similarly, Irf/ffcrtonir or hyjtolonic solutions have osmotic pressure's res|)ectively 
greater or less than normal plasma. 

OsMOTU' ruKssTTur-: OF Tlasma.- -The total osmotic, firessun*. of plasma is 
fdmost wdiolly flue to its dissolved inorganic salts and other crystalloids, but 
to a slight exte,nt it depends on the p/r/,vn/// proteins. The calculated osmotic 
firessnre of the plasma is b-o atrnosjdieres {i.e. about 50()() mm. Hg), but in 
the body only a minute fraction of this immense force is available for suction 
f)nr})oses, because under normal conditions the intc'rstitial fluids (tissue fluids) 
have about the. saiin*, crystalloid conceiitratiou as plasma, i.e. they are 
isosmotic (isotonicq w'ith plasma ; as the capillary membrane is fn*.ely ])er- 
meable to crystalloids t-hoir conceiitrations on tlie two sides of membrane 
are usually the same. 

^ 'I’hc o.smotic pressure of a solution can l»c als<» fle1crnunc*<I in<lirectl v hy the drprpAition 
of the free?, imj-pointy which is proportional to t he. eoncciitraiion of iindissociaUsl inolceules 
aiu.1 of ions of solute jircisent. 




PLASMA PROTEIN OSMOTIC PRESSTTRE IT, 

iMroHTANt’K OK (-RYSTALLOIO OSMOTK' IMlKSSlTRE AM) KlK(’TROI.YTE 
(U)\(‘EN'rHATioN. (Tvstalloiti f)snu)tiic |)r<‘ssii?(‘ of Mi<‘ hoilv fluids jind 

of t Im‘ tissue c(dls is one of the most iiujiortiiut “ c.oFistauts " of f lu* iutenial 
luiviroiinuMJt ; its uorinal value is juaintained far moi(‘ rigidly tluin is tiuit 
of tile volume of the body water. Quite minor variations in. crystalloid 
osmotic pressure are V(*Ty harmful, as is easily shown by studyinu’ the re¬ 
actions of isolabtd orjzans like lieart, ske.letal muscles, and intestine in solutions 
which arc hypotonic or hypmtouic. (hystalloid osmotic* ])ressure is almost 
(‘iilirelv due to tin* rlfT/mJf/frs whicdi form a. sort ji.ml rhrnilcal frat/teintrlc 
to t]u‘ body fluids : the osmotic pressure of the orjiranic non-electrolytes is 
(pjantitativoly small and more variable. For 2>roj)cr functioning of the tissues 
the concentration of each individual ion must be accurately maintained as 
well as the total osmotic pl•t^ssur(5 of all the electrolytes. 

Plasma Protein Osmotic Pressure. The osmotic ])ressure of the plasma 
proteins (though veny small) is of great functional iirj])ortan(U‘, because the 
caj)illary endothcdiuni is relatively itnpermeable to protein. It can be deter¬ 
mined as follows : An osmometer is employed, which consists of a small 
glass b(‘ll from the top of which project two vertical piectvs of tubing. Over 
the mouth of the bell is tied tiie mem])rane, such as celIof)hane, which is 
conifdetely impermeable to f)rot.ein (but is freely })ermeable to water and 
dissolved crystalloids) : plasma is ])laced in the bell, and the ap|>aratus is 
immersed in a solution iiaving tlu» same electrolyte concentration as plasma 
l)Ut free from ])roiein, c.g. Ringer-Locke's solut ion. In the course of a few days 
it is found that the Iluid in the projecting tubes rises to a height of about 
mm., ('(juivah'ut to about 25 mm. Hg. Tin? proteins have exerted an 
osmotic pH'ssure of 25 mm. Kg and have caused fluid to flow into the bell. .4s 
the iiKunbrane is permeable^ to the electrt)lytes in solution, they also diffuse 
through, so that the ultimate result is the addition of a certain volume of 
jdiysiological saline to the plasma. 

As the protein concentration in the interstitial fluid is negligibly small, 
till* j)lasma protein osnnftic pressure helps to attract jin id into the. hlnod vessels. 
On the other hand, the capillary blood pressure is a filtering force tendiFig 
to drive Iluid into the interstitial spaces, and thus operates in the opposite 
direction to the osmotic pressure of the colloids. 

The osmotic ])ressure of the plasma proteins de{)ends mainly on the 
serum albumin and to a smaller extent on the serum globulin. The osmotic 
pressure exerted by a substance depends on the number of molecules in the 
solution : as albumin lias a much smaller molecule than globulin, a given 
weight of albumin contains many more molecules than the same weiglit of 
globulin, and therefore exerts a higher osmotic ])ressiire. 1 g. albumin j)er 
100 c.c. (exerts an o.p. of 6 () mm. ilg and 1 g. globulin j)er KK) c.c. only 
1*5 mm. In addition, the specific osmotic pressure of a protein (i.e. osmotic 
pressure in min. Hg per g.) rises with increase in its concentration ; con¬ 
versely reduction of the ])lasnia protein concentration lowers the osmotic 
pressure per gramme of the remaining plasma protein. In hypoproteiiia?mia , 
therefore, there is a double disadvantage ; (i) tlie total protein concentration 
is reduced, and (ii) the S])ecific osmotic pressure (mm. Hg per g.) is decreased. 
With the normal albumin/globulin ratio of 1-7/1 *0, by far the greater part 
of the plasma protein osmotic pressure (about 80%) is due to ali)umin. By 
virtue of their osmotic pressure the ])lasina ])roteins tend to retain iluid in the 
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TISSUE SPACES AND LYMPHATICS 


rapiJlarirs ami so hcl|) to iiiaiataiii tlio plasma volinm' (p. «'^I) and r(‘^ulat(‘ 
tin* intrrclianurs hctwiMMi tin* hlood and tlm tissm* spa(M‘s (p. IS) ; nacli 
oralbmnin wlnr-h is addt‘d to the ])la.sma sucks a.nd retains in it alxmt 

c.(‘. of tlnid. Tin* plasma proteins inlliiencc* tilt ration in t in* jj:lom(*ruli of 
tin* kidney (p. ‘J7). It’ tin* plasma protein coneentration is d<*cr(*as(*d experi¬ 
mentally (by plasma]»ln‘resis), t)r by disease* (e.//. Type* 2 nephritis (in'plirosis|) 
to below extensive onlema deV(‘lo})s (p. M‘i). 


KXdlANCM OF KLCII) HIOTWKKN BLOOD AND TISSCK 
SPACKS. JA M PH 

Tissue Spaces and Lymphatics^ -The (*apillaries an* a closed system of 
vessels; tin* blood only comes into actual contact with tin* cells of the tissues 

in tin* liver, where tin* (*ndothelial lining 
of the vascular capillaries is delici(‘nt, and 
perhaps also in the spleen. The c(‘lls 
<*vervwln*re else an* bathed by tissm* tlnid 
(interstitial tlnid), which acts as an inter- 
nn*diary, supplying nntritiv<* materials and 
receiving; tin* products of nn*ta bolic activity. 

The lymphatic system (‘onsists of the 
lymphatic ca])illarit‘s and the larger vessels 
which unite to form the ri^dit lymphatic 
duct and the thoracic duct. The lym¬ 
phatics an* a closed system of Nt'ssels 
when* tln‘y ramify iji tin* tissm‘s (Fi^-. t>). 
A distinctioji should then‘fon‘ lx* drawn 
between the tlnid in th<* tissue spaces and 
that, in t he lym}»hatic channels, to which t In* 
tt*rm lymph should be restri<‘ted (Fi;^. .‘i). 

■rin* larec s(*rr)ns cavities like tin* peri- 
ton(*um and j)ericardium can l)e rejiarded 
as specializt*d tissue sj)ac(*s. It is doubt fid 
wln*tln*r any stomata connccT. tin* serous 
cavities with the lymphatics. 

Oo.MrosTTn)N of Lv.mi’H. lounph from 
the lymphatii; ducts has a. higher juotein 
(•(uitent than the tlnid in the tissue spaces 
and may contain a few lymphocytes, 
'riioracic duct lymph (*ont-ains about l‘\, 
of protein ; it is rich in fat aft<‘r a bitty 
meal (|>. 805). Tin* lymph comiii" from tiie 
limbs, intestine, and liver (in animals), con¬ 
tains 2, L and t)'b, of inotein respectively. In an isolated observation, the 
Ivmph. from the ankvh* lymphatics in a. woman durin^^ walkin^^ contained 
of prot(*in. As lymph is derived from tissue tluid, its comparatively 
hitrh ])rott*in content is not easily accounted for. 

^ Uriiiker !iM(l LywfthaHrs^ Lymph'and Tissue Fluid, (\»rnhn(lKe, Mass., 1U4I. 

Synun>siimi on lAiiiph, Ann. .V.)'. A^'ad. Sri., IttMi, /tf, H7!t SN2. 



I'n;. .*}. -.'VrrjinjLrenicnt of J..yinpliatie 
Capillaries. Reconstruction of 
small portion of skin of leg of 
betus ( X 70). (.A.ftcr Drinker 
ami Knmpineir, Amor, llonrl. ./., 
VXV.K IS, HOT.) 

Ilir t-Xtl'flin- \NrMltli of nt«- i>'lilph;itir 
Mct'vork ill fill- .-Uiii well .-fnovn. Xutr 
tlif Minin-nnih v.'ilvr*.. I li*’ ■'^||l''■|||.•lll•■ll|Js 
l»l( \ii< iiit<i IIk- more •i)<'ii<li-r jind 

iiiorr nLMiI;irl\ fioitl liiiiitiT) 

<lrr|iri lyIIIplijitic chiiiiiicl^. 


CAPILLARY BLOOD PRESSURE 
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Exchange of Fluid between Plasma and Tissue (Interstitial) 
Fluid. -This t}ik(‘s piacf owint; to : 

(i) Dtffrrrurrs nt fitr (‘rtfsttillftid ftsato/ir jtrrssurr of thr J/uid in the tiro 
coin fKirtnirnts. Such cxchaiii^cs result f‘n»m water drinking (j». o.')), water 
deprivation (f). (iti), salt (‘xe(‘ss (p. t)2), salt deprivation {)>. tVI), and ijtjeetion 
of hypotonic or hypertonic saline (pp. 12th 127) : lli(‘y are fully discussed at 
t in* pajzes nnuitioned. During tissue artIritt/ os!noti(*ally active nietaholites are 
rel<*iis(*tl into the interstitial Iluid causiiiit water to ihjvv out from the plasma 

(ii) Differctives hetireen (a) rup/Z/u/v/ hlood pressure and ttssae Jlntd pressure, 
(it) plasma protein and tissue jlaid protein osniotie pressure. Tin* excliani^es 


occurring in resting and activ(‘ tissues a 
(UiMLLAKV Hnooh PuKssrnic. This 
dindng a. v(‘ry tine cannula filled with 
saline (conne(‘te<I with a hand jmmp 
and a. nianomet<‘r,) into a skin capil 
lary. If the pn'ssure in the capillary 
is liigherthan in the glass tuhe, hlood 
runs into the saline, and vice v(‘rsa. 
The pn'ssiire is then suitahly raised or 
low(M’e(l and tested on other (‘apillarv 
loops. 'hhe following n‘sults havt‘ 
heeii (drained ‘ in tin* capillari(‘s at 
tin* root of the nail, with the subject 
in tin* rf‘cuniheiit position and the 
tinger h(‘ld at the l(‘v«‘l of tin* inanu- 
hriuni sterni. Th(*n* is a consi<lerahle 
pr<*ssure gradii'ul in a capillary loop, 
the pressun* l)eing liigher at the 
arl(‘rial than at the \ cnous end (d‘ tin* 
capillary (Kig. 1). Tin* arerape \’alin*s 
are: art(‘rial end, ‘32 nim. Hg: 
summit, 2t) mm. IJg ; V(*nous end, 

12 mm. IJg. At tin* arterial <*nd there 
is a dilTerence of 5 lO mm. In'twei'ii 


e consid(‘red h(*low. 

can he measured in man hv intro- 



Arteriole 

Kio. 4. -('.MpilljoT P*Iood Pressure, 
Xrtfridlar rapillaiy ; r Simmiit of Jixtp : it ■ ■ 
Venous ra|iilliir.\'. I'fu- fiiriiri's lifj, Jii) 

iinliratt* .avoraLre (•.•iiiillaty [UTssuir in Mini. 
Hl' in each iMir ol tin* rapillarv. (I.anilis, 
I/ntrf, liKta.) 


the pressures during systole and dia¬ 
stole (i.e. the ilow is pulsat ih*) : hut at the venous end the ])ulse pn*ssure 
is negligible (the Ilow is uniform). These results indicate that the capillaries 
eonstitut.e to some e\t(*nt a [►art of tin* jH*riplieral resistance (cf. ]>. .‘502). 
lielation to Heart Lcrel. -U'hen tin* finger is raist*d above tlie levc*! 


of the manubrium sterni {I.e. .aliove heart level), then* is practically no 
change in the venous capillary pressure, and only a, slight fall in the .aTterial 
capillary pressure. If tin* tinger is lowered below ln*art levi*!, the eaj)illary 
pressures rise by almost the full th(*oretical hydrostatic re(|uiremeuts 
(rijl. 5). ' 

Relation to Venous /Pressure.- tin* venous outllow is obstructed, the 
capillary pressure rises and attains a A^alue about 10 mm. Fig higlnu* than 
the venous f)ressure (cf. p. ‘322). 

RjfeHs of Arteriid tr Dilatation. -This can be conveni(‘,ntly studied by 


' i..iia(lis, Urnrt^ lit, 209. 
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FLl II) KXCTIANCJES IN RESTINC; TISSUES 


hcfitirijix tlio skin «iri(i so (lilat-jiiir tlio local arterioles, liotli jirtiM'ial and venous 
(•a,j)iIIaF‘N’ |)r<*ssiires markedly rise (e.#/. from *.10 to 00, juid .10 to 10 mill. 
res))e(‘ti*veiv), and ea])illary ]>nlsation with each heart beat, is obvious. 
Tilt* rise is due to tlie ^rem'.ral arterial pre.ssiire beiiifi transmitted more 
directly to tli<‘ capillaries owinjj to the lessem'd resistaiua^ in the wider skin 
arterioles. 

lutemul Oiy/^/ns. - Less is known about capillary jiressure in internal 
orpins. The jiressiire in the glomeruli of the kidm'v may be nearly as high 
as tile diastolic bhaxi jiressure (p. ^o). In th(‘ intestinal eajiillaries the, 
pressure, must be higher than in the ])()rtal vein, whieli in man is 10 20 mm. 
llg. In the liver, capillary pressure may be vmv low indeixl. 

Plasma-Tissue Fluid Exchanges in Resting Tissues.- At the arterial 



ABOVE LEVEL OF FINGER BELOW 

RELATED TO 
SUPRASTERNAL NOTCH 

Tio. a.— KtVet’t of (Jravily <ui Cjijatlary i>louiI iVcssuio. 

VfTtii’al lino 0= = !■ ini.'»*r ;il. h*‘;irl I.rvrJs alidvr an- n-ronh^a 

In tlu- I' lt as uiinn.'i; brlow, tn tli*- rierht U" i»l is. (I.ainlis, 
llrart, 

end of a eapillarv the lialanee of the outwarddriving (eaj)illarv pressure) 
and inward-pulling (protein osmotic pre.ssure) forces is such that small 
<piantiti(js of tluid and dissolved substanc<-s leave the vessels to enter the 
tissm* spaces. The average jiressure in an art(‘rial (aipillary (in the skin of 
man at lieart level) is 'VI mm. Hg ; the protein osmotie. jiressure in the plasma 
is 25 mm. '^fliis gives an outward-driving foree of 7 mm. At the venous 
end of the. ("ipillarv tli(^ pressure is lower, ajiproximately 12 mm. ; this is 
l(‘ss than the protein osmotie pres.sure which lias simultam‘uusly risen slightly 
owing to jirevious loss of Iluid from the ca]nllary. Consecjuently an ap})roxL 
niately (Mjiial volume of fluid is reabsorbed (Fig. 0). This j»lasma-tissue 
fluid interehauge takes place on an enormous scale ; a volume of tluid equal 
to that of tliii whole ]»lasnia (iscapes from the entire eajhllary bixj into the 
tissue sjiaces in less than one ininuti*. 

In tlie dependent jiarts, where the liydrostatie, pn*ssiire of the (joluinn 
of bloixl may be eunsiderable, the cajullary pressure, even at the venous 




FLITII) KX( HANGKS IN ACTIV^E TISSUES 


lu 


end, may exe(‘ed tin* protein osniotie ])re.sHiire. When tlie arm is allowed 
to han^ limply, it mny swell from filtration of fluid jnitwards into the 
tissue sjaices ; Uie venous Mood leaving tiie j)art is (*orres]K)mlingly more 
concentrated. 

Plasma-Tissue Fluid Exchanges in Active Tissues. During tissue 
activity larger (piantities of fluid, pass out of the (\‘ij)i!lari(vs into the tissue 
spaces. Tn the cas(^ of a. fterretiaq (fland (r.fj. saliva,ry gland) most of this 
fluid is then (trfirrhj Irunyfrrml ]>y the gland <*ells from tlie tissue spaces into 
the lunn'U ol l,he gland duct. Tliis active proc(^ss is called srrrcfion and 



unlike juirely physieal })rocesses like osmosis or tiltration it involves increased 
imdaholism (incieased O 2 cousumptioji and COo formation, iii(‘r(‘ased heat 
output). Some of the lluid passes by unknown means into the lymphatics 
and so leaves the a(.*tiv^e organ ; some aceumulates in the tissue spaces. 

In th(> cas(? of '}ntiscl(\ tissue lluid formation is on a smaller scale ; the 
excess fluid can muther escapci in the lymphatics or Tcujain in tin' muscle. 
In muscular activity the weight of the muscle may increase by ; this 

swelling of tin* miisch* fiiay be in part responsible for tlu^ stiffness wbicli 
follows severe e.xertion. Tlie greatly eiiliaiH'ed rate of tbssiie fluid formation 
supplies the active organ with more, mitrioiits aiid other tnaterials (including 
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FLi:ii) KXCIIANCiKS IN ACTIVE TISSUES 


wiitor) iioccssary for tlie format ion of t he s«MTotioJi or for carryinj^ out of the 
sjK'cifie fiiuot itui of the or^an. But it should b<‘ r(*m(Miil)ored that the nutrients 
eouhl have ])een ])rovided by simple iliifnsion owiii*; to a difference of eoncen- 
tration of the nutrient on the two sides, without any escape of fluid, as is the 
case wIkmi Oo is sujiplied to an active* tissue. During tissue activity wlnm, 
|)OSsibly, no fluid passes back into the blood, t Ik* metabolit(*s which are formed 
in th(* tissues gradually eliffuse* away into tin* blood owing to diff(*rence of 
concentration ainl are tlnis rennived. 

Tlie factors conctu’ned in this gr(*atly <*nhanc(*d tissue fluid formation are : 

(i) chang(*s in the circulation and (ii) reh‘ase of metabolites. 

Vasci lak Cuanoes. (1) liliunl Tin* blood How through an active 

organ is greatly inci’eased owing (i) to local arteriolar dilatation ; this is 
mainly due to the liberation in tin* organ of vasotlilator ])ro(lucts of acti\'itv 
('‘ metabolites,” infra) ; sonn‘times it is dm* to the action of vasodilator 
nerves. Thus tin* chorda tympani nerve is in)l (»nly seen'tory to the sub- 
maxillary gland but is also sjH‘cifically vasodilator (p. .‘lib) ; (ii) to dive?*sion 
of a larger proportion of the cardiac output to the active region. In muscular 
exerc.is(* not oidy is tin* cardiac* output gn‘atly incn*ased but ijiost of it is 
sent to the active muscles (p. ■I.T3). The magnitude of the* blood supply sets 
an upper limit to the volume of tissue* fluid whi(*h can In* fornn*d. 

(2) Znem/inv/ Artrriular Prrssarr. Owing to arteriolar dilatation t.ln*re 
is reduc<*d frictional resistance and fin* arterial pr(‘ssure is transferred 
from tin* proximal to the distal end of the arteriole* wdth less loss of 
j)re‘ssure. 

(3) (AipiUanj Clianijrs. Owing to the action of nn‘tabolites and local rise*, 

of tem])erature‘ (p. the caj»illarie*s in the active region be^come* wide'ly 

dilated and many ca[ullarie.*s previously closed ojn‘n uj» : the e*a.pilhiry nn*.tn- 
brane be*comes thinner and more perme‘able ])ermitting more* raj)id transfers 
across it. As the blood pre*ssure* is transmitte*d with le*ss loss through the 
arleriole‘s, the cajiillary blood ]>r(‘ssure rises ; as the (aij)illaries are* also 
dilated tlnire is less local frictional r<*sistance ; conse*ejUe*nt.ly the pre*ssnre 
at the venous e‘nd of the capillary corrvsponds more closely t(» that at the 
arterial end. Jt is ejuite likely that throughout the le*ngth of the ca})illary 
the blood pn*ssure may e*xceed the opposing protein osmotic. ])re.*ssur(r : if 
this is so, this factor alone would lead to a cojitinuous enilllow of fluid with 
no possibility of its return into tin* capillaries. 

Hole of Me'IAHolites,—D uring activity, large non-osmotic molecules 
of the resting organ break dcjwn into numerous small jnolecules, which jjass 
into the tissue spacers. These nn*tabolites diffuse sUnvlif into tin* blood and 
remain in considerable concentration in the tissue s[>ac(*s for a long ])eriod. 
Such metabolite's as are osrnotically active attraert fluid from the blood and 
retain it. The dissolved crystalloids of tin*, blood, wliich can |)ass very readily 
through nn*mbranes, diffuse through into the tissue spaces at. tin*, same time 
as the water is beijjg " pulled ” there, i.r. protein-free* plasma })asses e)Ut. 
Very little is kne)W’n about the metabolic changers taking place in ae*tive 
glaneis ; in the* e;ase ed’muscle, iiowever, a substantial rise of osmedic pre*ssure 
undoubteelly de)e‘s take place? eluring activity (p. 430, foe>tjn)te). 

It is w'e)rth «*mphasi/.ing that <*xuelation e>f fluiel from the blood ve*ssels is 
syjie-hronous with, and due to, Ww. funrtiomd aclivlin of the otyan ; for the*, 
products of activity (metabolites), not only raise the* osmotic pressure in 
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tli<* tissiK^ .s|)nc(*s l)iit l;n*«r<‘]y n*sjM»?isil>ic for the* ;irt.criol;ir .‘Hid cjipillary 
(lil.'itiition iis well (pp. 

IIkmoval ok 'I’lssrK Ki.rii». Duriiii; llie period of .jetivilv, t-lie tissue 
lliiid wliieli is tornied is (i) rj‘t;nned in the lissut' spnees or (ii) <‘seapes into 
the lymphaties (this may h»‘ the purpose of the lymphatics in the. normal 
body in tin* ahsenee of iide(‘1ion) : (iii) in tin* ease oI* ///////^/x it is mainly 
poured out in tin* external secretion. When the tissue comes tinally to rest 
the nn*taholit(\s (*ith(‘r diflust* into the hlood or arc oxi<lize(.l, and thus tin; 
osmotic pressure of the tissue spaces falls, d'he art(‘ri(des and cajullaries 
h(*conn* narrow(*d a^ain. Tin* ex(;ess tluid in the tissue spaces is alisorhed 
maijdy into the hlood vesseds, and possibly also into tin* lymphatics. As the, 
lymphatics arc* a closi*d system of cliannels pc'ripherally, no fluid can (‘uter 
them directly, hut must first jeass tlirouj.di tin* (‘udothelial lining. Wc* do 
not know liow this transfer is ac'com[dished. 

In tin* above discussion attc'Ution has hc*eudirecrc‘d mairilvto the exeijan^es 
hc*tvv(*en plasma and tissue* (int(*rstitial) tiuid. The (*xchan^(*s between c‘xtra- 
cc*llular and intracellular fluid are considc*rc‘(l on ])p. bo (>8. 

]*LASM.\-Tisst:K Kia in Kwii.wciES akteh Injection ok IIvvotonk* 
OK Hvkektonic Saline. Sc*c* jcp. 12b, 127. 

'flSSl E KlIMI) AM) I*LAS.MA VoLl’ME KEcn-LATION. S(‘e p. SO. 

Removal ok Floid kkom Sekous Cavities and SinuuTAXEoiTs Tissues. 
- If isotonic saline is introducc*ci intc) a serous c'avity it is absorbc*d very 
rapidly. In the case of the pleural cavity, ligature* of the thoracic and right 
lympluitic ducts do<;s not affc*ct the rate* of absorption of saline, prc;ving 
that the tluid is j)assing chicdly into the blood. If a dy(*stu(r. c.c/. indigo blue 
dissoh ed in saline, is injected into the plc'ural cavity, it a[)[)C‘ars in the urine 
in b minute's, and in the tliorac'ic due*t afte*r only half an hour has e;laf)sed. 
Absorption into the* lymj)hatics ther(*fore doe*s oce*ur, but is relatively un¬ 
important and slow. 

Hlood whic’h ija,s e*lfuse*d into a .serous e*avitv may also be* slowly absorbed. 
It is assumed that the protc'ins of the (*ffusion uml(*rgo autolysis and siibse- 
epjc'ut re*moval, or are* ingestoe.! by phagoe*ytic ce*lis. Idle* |>rot.e‘in-fren* plasma 
is then a.bsorbe*<l. 


FUNCTIONS AND STHUCTUHF OF THF IvJDNFV. 
SECMiKTTOX OF UHINK * 

Functions of the Kidney.—i. Ky titTMimj the nrlur the kidney carries 
out many essential fuiie*tions. 

(1) The kieine*y re*gulate*s the voUnne of the* body fluids ; more spe'eifically 
it inaintains the cejiistancy cjf the volume of the e.\trae*e*llular fluids, with 
s})eeial emj)hasis on the* volume of the* plasma. Wate*r is, of course*, lost by 
otijer channels ; in the case* of the skin, the volume* of water lost as sweat 

’ (jJjunLlc, KxiractUular Fluid. Harvanl University Press, IU4U. IToiuer Smith, 
Kidufiif : Structure and London a,nd New York, lUol ; Hhidu\s iu Physiology of Ihr. 

Kidney (Porter Le‘etures), I'nivt'rsity of Kaiisiis, 1939. hull. S.Y. Acad. Med., 1947, 

177. Technique of Renal Plea ranee, see Sfuith #7 at.. ./. vtin. Inveslig.. 1938, 77, 263: 
Ooldring ei at., ibid., 1940, 739. Por review' of renal liuietioii in earlv life, see MeCanee, 

Physiol. Rev., 1948, 2H, 331. 



22 FTTNCTIONS OF THE KIDNEY 

is jidjusttnl in relation to tlie “ n(»o<ls *' of body tompnraturf*. Dio yolume 
of tlie urine, iiowever, is sjiooitically adjiist.o<l t.o tlio “ needs oi tnjtr,r halnnrr. 

(2) (i) Tlio kiMnoy is the only\siirnirican|. route by which inorganic ions, 

both cations [r.ff. Na % ) or anions (c.//. (■!', ]>hos|)hato, SO,/') are eiiminated 

from the liody. By adjustiiig the reiati\e excretion of water and of the 
individual ions, ])otii the lotui crt/Malloul osmotic ^/rrssurc and the iomc 
paUcnt [i.c. the concent rath »ii of individual ions, jiotably Na‘, Cl', HOC)./) of 
the exlnicellular Iluids, iiicludinj^ tlie plasma., are kept within normal limits. 
If tin*re is a ** conflict, betwi^eu_.lhe..rei^ulati()n of tlie yoluine of the extra- 
col Inlay fluids ami the j:o^ulatioii of th^, total crystalloid osmotic pressure, 
the latter takes pr(‘cedencc over the former, i.c. crystalloid osmotic ])nissure 
is maiiitaiiicd in spite of deviations in th<‘ volume of hody water. 

(ii) Tin* kiriney also helps t(» preserve tJie a[>propriate plasma concentra- 
ti(m (»f crystalloid /n»/-clectrolyles, of whi(!li (/hirosc and ?/m/ are the most 
important. 

(3) (i) Amoii^ the ions, but- so important as to dtmiand special inerition, 
are the H' and OH' ions, the relative concejitration of which determines 
the acidity or alkalinity of the blood and body fluids generally. Regulation 
of tile IB' ion (‘oncentration of the plasma depends on (n) physico-chemical 
reactions (p. td) : (/>) vital rea(‘tions (p. 94). One of the vital reactions, 
i.c. the adjustment in the juilnionary ventilation, helps to pr(‘serve the con 
stancy of the H* ion concentration hy varyinu; the volume of CO, wlti(di is 
eliminated : hut the liin^s t;an only deal with a rolotilr. substance like CO.^. 
The elimination of a])}n’ 0 ])riate amounts of non~rol(itilc acid and basic radicals 
can be carried out only in the urine. Electrolytes must ]>e excreted in the 
nrim* in sucli amounts as to nuiintain not only the eorri‘et total crystalloid 
osmotic ]>re.ssure of the laaly fluids as nnmtioned iu (2) abov(‘, but also the 
projier level of Jl" ion concentration. Sometimes tlie "needs’' of H‘" ion 
concentration may br* sacrifleed in the “ intt‘r(‘sis ” of total crystalloid 
osimdic. jji’essui’e. 

(ii) The kidiKiV also ]>reserves H. > ion concentration by manufavturiny NH^ 
which neutralizes the acid radicals of the blood, the rcsultiii^jj NH , salt bein^ 
excreted in the urine. 

(i) Th(‘ kiiiney is the only route of elimination of tln^ waste products, 
especially the iiitiojjjcJi- and sulphur-containing substances derived from tlie 
nj(‘tabolism of ingested protein or resulting from Jiormal or abnormal cellular 
metabolism. The kitlney likewise eliminates toxic siibstane(*s {c.y. drugs) 
which have entered the liodv. 

From what lias been said above it is clear that the kidney is the out¬ 
standing “ guardian,'’ both with respect to sensitivity and scope, of the 
('onstancy of the, milieu interieur.t-of rer^ activity results in many 
changes : a.lt.eratioiia in the total cryst^oid osmotic pressure or the concentra¬ 
tion of individual ions (including H+ ions) in the plasma and interstitial fluids ; 
alterations in the concentration in the body fluids of useful non-electrolytes 
like glucose, or of M^cde products like urea ; alterations in the volume of tin* 
plasma ajid of tin*, total extracellular fluid. Increased perineallility of the 
membranes in Bowman's capsule may lead to loss in the urine of plasma 
protein or even of blood. 

2. The kidney also has certain functions which are unreMed to the secretion 
of urine. 




STRUCTURE OF TUE KIDNEY 
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(1) The renal eortcx tonns a pniteolytio enzyme known as renin wliieh 
is (liscliarpMl into tin* jj^eneral circulation : it acts on a [)la-sma- el(>l>ulin called 
hif'p(irtnisitio(fen to form a polypeptide culled ff//fierie.ftsin wliii'li jiowerfiilly 
c.oiistricts {)erij)in*ral Mood vcssf‘ls oivinjj rise to liyperteiision. d'hc stimuhis 
to the discharge ot n'nin is a, decrease in renal arti'ry jiressun* or renal Idood- 
llow. Renin is prohahly secreted when tlie hlood pressure fa,lls ; hv inciea.sin;! 
tin* peripheral n‘sistanc.e it may help to maintain normal arterial hlood 
pressure. In conditions ot rciutl istiurnnu exe<*ss n*nln is liheratetj ^ivini;; 
rise to marked sustained hVjiertension (so-called iseJiff inle htfpertenslnn (ef. 
p. .‘Vlo)). As renin is an internal sc‘crction, the kirlney may, siunewhat sur 
prisin^ly, also he re^ardi*d as an endocrine orj;a.n. 

(2) The renal tubular ejutln-lium carries out ct‘rtain ehenueal tninsjnrnni- 

liotift: 

(i) It foiins XI1.J (p. ). 

(ii) It hydrolyzes organic hexose-pln>spha.te hy means of the «*nzyme 
phosj)hatase to liberate inorganic phosjihate (p. ltM)2) ; some of tin* phosphaU* 
eliminated in tlie urine may come from this source and not directly from 
the plasma, pliosj)hate. rHuarv ])hosj»hatc may also he derived from the 
organic phosphate in tissin* c(*lls (p. Do). 

(iii) It carri(\s out detoxicating rea(*tions, c../. it combines the benzoic 
acid of tile blood with glvcine (available locallv) t-o form liliifnirlc neld 
(p.SdO). 

Structure of the Kidney. The functional unit of the kidney is the 
nephron which c<msist.s of Pmwman's capsule and the, r(*nal tubuh* proper 
(Fig. 7). Fach human kidney contains one million ncjdirons vhiidi 
dra,iii via the collecting tubides into the renal p(“l\'is arni tlience itdo 
t he ur(*ter. 

(1) Botenton's eopsnle is invagiuate<l by a. tuft of capillary vc.ssels. the 
ifloinerulns : ca.])sule and glomerulus logelhcr constitute the Malpiffhuui 
[renal) corpusi’le. d he ca,])sule is lined l»v a very thin epithelium. The struct 
ture of the Malpighian cmpusc.le is well a.da])ted to its function which is 
to filter out a C(*ll-free llui<l from tin* blood identical in composition with 
the plasma, excejit for tlie ]>roteins (and other colloids) whif'h do not ])ass 
through. 

(2) The renal tahale consists of three segments : the hist-ological difler- 
ences to be de.scribed are relate<l to functional <lilTcrcntia,tion. 

(i) The finu'ltnal tubule (including tin* lirst convoluted tubule) is lined 
by a culiical ejuthclium ; the free external bord(*r of the cells contains many 
mitochondria arrange<I in parallel vertical columns jiroducing a striated 
appearance (brusli border). 

(ii) Thin segment (of tln^ h>*>J' Ileide) : the (*ells are. flattened and 
contahi clear f)rot(^])lasni and the lumen is narrower than anywhere else in 
the tubule. 

(iii) In tin* disfal tubule, (including the second convoluted tubule) the. 
lining cells are cuboidal and contain granular basal st riat-ions but no delinite 
brusli border. 

(3) The coUixlimf tubules are lined by clear cubical cells ; they lead into 
the. larger ducts of liellini (lined by clear columnar c(*.l]s) which open at the 
apex of the pyramids. 

The loops of Heiile, the collecting tubules, and the ducts of Bellini lie 



STHUCTURK OF TIIF NKIMIRON 




in tlio niedulla ui’ tin* kuiiiev ; tin* otlior [)arls of ili(‘ tuhulo aro loiiiid in the 

COlt-(*X. 

Tlio t wo kidneys in inan w<Mi»li 3tH> iX. ur «>!* (Ii<‘ total IhkIv w(‘i<;lit. ; 



Kn;. 7. An aii^nnciil and StriH-tiirr <»r 1 hr Ncpliron. (Iloinrr Sinil li, l*hysi()hMfy 
of //if■ Kidnfif^ ltKl7.) 


the hnigth of the Imnian r(*nal tiihule. is about 3 cm. : t he (liann‘,te.r is 2tM3() //. 
As th(‘r(‘ are. about 2 million in'phrons, their total length is about It) 
miles. 

Renal Circulation.^ The blood How throii/^h the kidney (as through th<‘, 
^ Triicta el aL, J/cnal (Jircula/ioUf Oxford, ]l)47. 








RKNAL ( IIU ULATION 


othor organs) jIcjMMids on t lif‘canliar 1 lie‘rciicral artf'i ial Mood |»n‘ssiin* 

|ev(‘L and tin* calihn* of t[i<‘ local a]“t<‘ri<»lcs and capillaries. Tin* di^Tinctivf 
IValun'S of tin* n*nal circulation an* : 

(i) Tin* (‘HontKttt.s .s/.:c o/ fhr rrnal hloftfi /hur. ahout IdiK) c.c. per iiunutc 
in man. Altliou^li tin* kidneys an* only ()*lo'*;, of the l)ody wei.jjilit, llicy receive 
about 2^)y^y of the r(*stin^ cardiac oiitjmt. The n*nal blood (low i.s not related 
to its respiratory needs Init to its function of forming urine. 

(ii) Tlie (fouhir vapUhinj nrhroric : (//) The glomeruli in the ..Malpighian 
cor|)UScles ; (/>) the capillaries on the surface* of t he renal tubules. 

(iii) The })resein*e of a .s7n/>// 
ruechauisin wliich enables tin* bloocl 
flow tothen*nal cortex to lie n‘duce<l, 
the blood then beinj^ diverted to the 
renal medulla (ji. 'Jb). 

lihooh Sri'i'j.v OK Rknal (’o!n Kx. 

The n*nal artery di\'ides info branches 
which run between the pyramids to 
tlie “ boundary zone “ bf.*tw(‘en tin* 
cort(‘x a.ml the medulla, where fhev 
an* united by a serit*s oi' (uirrial atchrs 
with their conv<*xity (lir<*ct<*<l (uit- 
wards. Kroni thes(* arches, parallel 
ciU'hral or infi‘rl()hal<ir art(*ri<‘s arist* 
which ruFi towards tin* surface of the 
kidney (P"ie. !F). At intervals lln*y 
^dve oif the (ijjcniil vessels each of 
which bleaks uj» into a capillary tuft, 
the Lilomerulus, whence emerges the 
r[frrr)if v«*ssel which bleaks iij) into 
a cajullary net over the surface of the 
conx'oluted tubules ; tin* bloo*! drains 
into venules and so (‘ntt*rs the inter¬ 
lobular veins. These pass into the 
V(‘nous a relies which lie in the con 
cavity of the art(*rial arches. The 
ellerent v<*ssels of tln*se glomeruli 
an* narrower than tin* allerent 
vessels. 

tJnoMKKun.Ait l^KooD ruKSSt’iJK. The level of blt)od pn*ssure in the 
glomerular cajullaries though <»f .<][n*at functional imjiortancc*. has not b(*en 
measured directly in mammals ; iinlirect evidenct* su^j^irests that, it is normally 
higher than tin* j»r(*ssure in cajiillaries el.sewliere and may s(»metinn‘s equal 
the diastolic blood pressing*. (ilonn*rular pressure (h*pends not only on the 
Urnrral leccj of hUnnl pirssair but also on lorol ctmditions within tin* kidney. 
^^ith constant renal artery pressure, constriction of the offnritf vessels of 
the glomeruli interposes an additional frictional resistancf* with resulting fall 
of the gl()nn*rular jiressun* (Fig. S. .A) ; (*onv(*rsely, constrict ion of t he ('fferrot 
glomerular vessels dams u|) the blood proximally so that glom(*rular jiressure 
rises and a])proa(*d)e.s that in t In* renal arteries (Fig. S, H)- A rise in the liltrat ion 
fraction (p. 27) in man is interpn*te<.l as n‘]»resenting rais(‘d glomerular 



rn;. S. (I’lcssurr as iMlliu'iHM'b 
l)V Ilriati\c Caliliir o)' .MVcn-iU arid 
Kftrn-nt (ilnmiriil.ir \'r.>,srl,s. (lluiix'r 
Ninilli, I*lti/si()foift/ fif flir hii/nri/, .ItKiT.) 

n thf is roiist the L'|i)in(‘riil:ir 
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RENAL SIII^NTS 


])reHMure. As e.xf)Iaiiu‘d below, in coiHiiticMis of eorticHl iselniMiiiii tli<^ pressure 
in the f^loiuenili and the blood How throiiijli tlieiii is juarkt'dly redii(a‘.d. 

RlooI) SriM’LV OK 'I’HM MKoriJ-A. -Thr .izloineruli related to jillV'nMit 
vessels whieh sprint; from the interlobular arterv close to its orij^in from the 
arterial arcli (or occasionally from the arch itself), an* known ii^ jaxta-hialtdlurff 
glomeruli, and have special characteristics (Fi^. 9). Their etrerent vessels 
an* iriiir, and may even tjxceed tin* afferent vessels in calibre, teach efferent 
vessel breaks ii|) into a number of parallel arterial ' vessels, vas<f rcr/a, 
wlii(‘h run as a bundle into thi* medulla for varviii^i distajices befonj takin" a 
hairpin bend or jLdvim: rise to a V-brancli, t<» return as “ venous ” vessels to 

INTERLOBULAR 



Fit;. tL l.)ia^n\m nJ I'eiial (.'ii’i ulation : lleual Shunts. 

I^ft-hanAl Fiy. : iiornuil 

C.rj.- cortifal plouKTuliJs : (!a|). rapillarir'; nminl ronvoliitod tiilmle*!; jiixtn-irjpdullary 

UloTncriilus. Itrt cll’m'.iil vcsstl hn-ak.^ u|» into vasa n-cta h pass into thr UHHlulla. 

Jiiyht-hoHd Fig. : .>|>usrii of inl<Tl(jl)ular urt«*rv ju>1 distal l<» ju.vta*ini «Iiillary ulonirruius. Not«’ rrsultin*; 

(•ortlf-al ls<dia‘inia and ^.Ijuntlnu of l»kio<l \ia jiixta-nirdidl.'irN ^lomiTidi into ttn* iiK^didla. 

the venous arcites. The vasa n*cta ;;ive off tine ettpillarif's to the Jidjacent 
tubular tissue in thv. medulla. Tlie vasa recta hav(* a thin (‘iidotheliuni, like 
capillaries, but they an% of coiirstj, ol' great length and of much wider mlibre 
than capilltiries. \'asa recta may also arise directly from the arterial arches. 

TIknal SniJN'j’s. (;?OKTJOAL Is(’H.t<:mja. In a variety of experimental 
conditions the interlobular arteries just begotid the point of origin of the juxta- 
medullary glomeruli undcr<?() eonslrioiion ; as a result the blood flow to the 
cortex, and thus to tlie cortical glomervili and related convoluted tubules, is 
almost completely cut off. The How of urine is de.creased or stopped. If the. 
calibre of the other renal vessels aud the general blood pressure are unaltered, 
the total renal blood flow is unaffected ; but the lilood which is excluded from 
the cortex is diverted via the juxta-medullary glomeruli and the vasa recta 
into the medulla (Fig. 9). The cortex is then ])ale and tin*, medulla deejily 
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en^or^^ecl with blood ; us the diverted blood flow has not eome into eontact 
with the main mass of llie ne,|)hrons and has, therefore, not j^iven u[) its 
there, tlic venous blood is mon* arterial in colour than normally. 
If the cortical iseha^inia is accoinjjanied f>y const ric.tion of the larfjer renal 
vessels or by a dirnifiisheci renal blood flow from other causes the “ shunt ’’ 
will transfer less blood through the medullary vasa recta. 

Localized 6W//YY//with di\'(‘rsion f»f the blood How to the medulla 
has been demonstrated in rahhits (i) during stimulation of the peripheral 
end of the splanchnic or renal nerves : (ii) reflexly from nocuous stimulation, 
vjj. crushing a limb ; (iii) in rapid hannorrhagf*. It is claimed that cortical 
ischicrnia may he a factor in producing the anuria ohserv(*d clinically (i) in 
emotional states, (ii) after operations on the urinary tract, (iii) after mis¬ 
matched hlood transfusions (cf. p, 182)d Prolonged severe cortical ischfcmia 
niav give rise t(j (M)rlic.;il necrosis. 

,Vc//;c SnpjdfVUa symjaithetic* iutvc supply of the kidney (p. 711) 
does not act directly on tlie nephrons : it modifi(*.s Tcnal activity only by 
altering the local blood How. 

Mechanism of Renal Secretion. .An account will first be given of the 
probable (jourse of (‘vents in tlie rnanimalian kidney : quantitative data 
quoted ai)ply to man unless otherwisi* stated. The (‘vid(‘nce for tin* various 
statements made will set out sidisequently (p. 31). 

Glomerular Filtration. .About 13(M) c.c. of blood (700 c.c. of plasma, 
()00 c.c. of cells) How through tin* kidneys per minuU* : in the glomeruli, 
when* the blood pressure is comparatively high, 120 c.c. of fluid arc filtered 
off per minute from the 700 c.e. of plasma and passed into Jhiwman’s ca]>sul(*.. 
Tin; glomerular filtrate is identieui iu eoiufKisitiuii with the plasma but con¬ 
tains no protein (or other colloi<ls). 1\he ratio of the v<»lume of glomerular 
Hltrate/plasma How is called the fillntfitttt fniction ; in tin* e.xamjih* given it 
is l20/7(K)--~O-I7. in 21 hours tin* total voluim* of glomerular filtrate is 
170 litres. 

The mechanism of glunn*rnlar filtration is like that resj){>!isible for tissue- 
fluid forma.ti(»n (p. IS). The glonnTular blood ])ressure (say 70 mm. Hg) 
constitutes a iiltering force driving iluid out of tin* blood vessels into Bow¬ 
man's capsule ; it is o[)[)osed by the osmotic pressun* of ilie plasma proteins 
( 20 mm. Hg) which t(‘nds to hold watfi* in the blood vessi'ls. Tin* )}ct 

jUtcrimj force, is the glomerular bhuai [iressui-e minus the plasma protein 
osmotic pressure (c.//. 70 20----0<t inm. Hg). The volume of glomerular 

filtrate depends on several factors: (i) directly on the magnitude of the 
net filtering force, i.c. it is increased by a rise in glonn*rnlar pressure or by 
a fall in ])lasma jirotcin osmotic pressure : (ii) within certain limits, at con¬ 
stant filt(*ring force, the volume of glomerular filtrate varies directly with 
the renal blood How. (iii) Tin* hydrostatic jnessun* in Bowman's capsule 
is normally zero {i.c, atmospheric pr<*ssure). Should it rise. c.//. as a result of 
obstruction to tin* outflow of urine, it resists tin* passage of fluid from the* 
glomeruli ; marked capsular distimsion from chronic ureteric obstruction 
may even lead to partial obliteration of the glom(*riili. 

In disease the renal blood How and tln^ number of fim(*tioniug glomeruli 
may be markedly reduced ; there is a clo.so eorrelatiou l)(*tweeii such reduction 
and the degree of resulting n'nal incHiciency. 

^ For review see. Ifoiaer Smith ft «/., Amer. J. .l/rr/., llK»n, ,V, 
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REABSOHPTION IN THE TUBULES 


Tlie pcriHeahilltff of the filtering ineinhnines (i.r. the glomerular endo¬ 
thelium plus the capsular epithelium) is increased in many abnormal condi¬ 
tions, c.//. l)v an inadeipiate blood supply (as in circulatory railure), anoxia, 
or by various toxic agents including c(*rtaiii drugs and bacterial poisons. 
The normal epithelia retain serum globulin (mol. \vt.^ 170,000) and serum 
allmmin (nml. wt. 70,000), but they h‘t. through substances ofsinalhu-moh*cular 
weight. ('.(/. injt‘ct(‘(l h.-emoglobin (mol. wt. b8,0(M)), (‘gg albumin, Hencc'Jornrs' 
protein or gelatin (mol. wt. .‘to.tMM)), In renal disease, the nnunbrane per- 
meal)ility usually increases : s(‘runi albumin i.s the first to (escape and ap]>ears 
in the urine (alhtnnlmn'i<() : more rarely and later stu'um globulin may also 
pa.ss through. With graver injury to the Malpighian corpuscles both r(‘d 
and white cells mav pass through <*r tibvious h.<nnorrh(Uir may take place. 
An abm)rmal state of the nmal ca|)illaries is probably n'sponsible lor the 
hannaliiiia of scurvy (p. lol'i) and purj>ura ([>. 157). 

Reabsorption in the Tubules. -The ciystalloid composition ol' the 
glomerular filtrate is itlentical with that of the plasma. lf‘ the volume of 
glomerular filtrate is also kn(»wn, the ab.solute aitnuint of each ])lasma, ('(Ui 
.•^lituent filtenal out (.say in 21 hours) can be readily calculate«l. 1'he iirin(‘ 
for the sam(‘ jx'riod can !»<• culh‘cr(‘d and analyst‘d. A comparison of glomer 
ular filtrate and uritte demonstrates that th(‘ glonnu'ular filtrate is pndbundly 
modified during its j)assage down fin* renal tubules (cf. Table, infra, which 
should be carefully studied). 

Concentra- 



Conrrvtra- 

'/'oldl In 



tion in 



tioH in 

170 y. nf 

Tola! 

Total 

intf. pf r 

Jielati Vf>, 


ion r,r. uf 

( fhftnrrnhn 

v.xrrflfd 1 7i 

rcahftorhcd 

lob /-.f. (,f 

concentration 


Plnsnnt 

Flit ml4 

'2 4 hr, I'rine 

in 'Fnhules 

1 'fine 

Urine/Plasma 

Wat(*r. 


I7t) L 

1-5 L 

lt)«8-r) L 



Prot (*ins I 
Colloids . 

S 

none 

none 

noin* 

noiH* 


Fats 1 

Olucose 

ItM) nig. 

17t> g. 

none 

170 

noin* 


Wi 

1 At) 

255 

none 

255 

none 


Sa • ‘ . 


Alio 

A g. 

555 

550 

1 

(T 


i;2o 

0 

til 1 

li(M) 

2 

(a • . 

10 

17 

0'2 

Hi-S 

15 

1*5 

IMiosplia t e 

17 

20 

2*2 

2t)-8 

150 


^(as V) . 


A-1 

1-2 

5-0 

150 

50 

Uric Acid . 

2 

5-1 

0-75 

2*fi5 

50 

25 

Civa . 

50 

Al 

50 

21 

2000 

70 

Sf)./' (as S) 

2 


2*7 

0-7 

180 


Creatinine . 


(data <*.\cluded owing to unc(*rtaintv.) 



Of 170 litres of wat<*r lilten*d otit in tin* glonn*ruli, lf)8-5 litres are n*- 
absorbed. (Jlucose is reabs«nbe<l <*omplet(*ly and bicarbonate at the Jiornud 
at lil reac tion of the* urine almj)st comjdetely (but wlien an alkallhr urine is 
passed large amounts of bicarbonati* may be e.\cr(‘ted (p. 05)). Na', (T, 
and ( a ' ’ are reab.sorbed very <*\tensively (oidy I of f in* aitiount filt-(*n*d 
• M<W. wt. -imil<M'iilar 
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is (‘xrn^lod) ; in tlio cnsf* oi Iv*, X",j ol’tin* iiinoiint lill«.T<Ml is ; in 

tlu* f*as(‘ of uric ncid tliis fraction is ahmit. 20",hi tiic case of* )»lins|>liat<‘ and 
urea t he fractions cxcrctisl arc 2o",', and t»0'\j rcsju'ct ivciy. d’licrc is (‘<>ntro- 
versy ahont the <*onccnt,ration of SO/' and creatinim^- in tin' plasma ; if tin* 
data s(*l out in tin* Table arc ndiahlc, aboiil S0'\, of the SO^" tillered is 
excreOnJ. 

Subsliincc.s which are absorbed comph‘1(‘!y or v<‘ry extensively are called 
thnifihohl substanc(‘s ; they an* valuabh* plasma constituents which are 
absorixai in amounts suflicient to maintain their «»ptimnm eonc<*utra1 it>n in 
tljc plasma. Substanc(*s wliich es(‘aj»e extensively and which are known t(j 
})e wash* sul>stances (c.//. ur(‘a, sulphat<*. creatinine, and t<» a less extent uric 
acid) are called no-fhirslioh/ (or low threshold) substa,nces. As will be ex 
plaiin‘<l below the valuable, threshold substan<*es are [U'obably f/rflrrl// re¬ 
absorbed : tin* fnielion of the low threshold waste siibstance.s which returns 
to the blood does so by a passirr process called h(tr/>- iUlfu.^ion (j>. ol). 

Tin* last column in tin* Tabh* (‘ornpares tin* concentration <tf the con¬ 
stituents in uriin* and plasma, 'rin* threshold substances, because tln'v are 
larf'(‘ly passed back into the bhxal are concentrated to a small extent iti the 
uriin^. The iio-thr(‘shold substances which return to tin* l»lood on a smaller 
scale are concentrated to a correspotniinjrly higher decree. 

It is ()uit(* clear from the above data that the fundamental pf;oc(‘ss which 
t.ak(*s plac(* in the renal tubules is rraffsorpiiftn, i.r. tin* traiisfi*!* of water and 
inanv dissolv(*d substance's from the lumen of tin* tubules back into the blood. 
Tn the case of wat(*r and tin* threshold substances this proci'ss of absorntion 
is sehrtirc and is varied aevordiap /o bodihf avnh. It is likely that specific 
mechanisms are concerned with the reabsorption of cac^h substancl^ or ^nouj) 
of substances. For examph*, the realisorption of water is lari^cly de]»eijiient 
on tht* action of the post pituitary aitfidiurdiv hitnunne (p. Ml) ; adre'iial 
corticoids incr(‘ase. the n*absorplion of Xa- and (T ions (p. 915); the n*- 
absorption of ‘zlucose is arrested by phloridzin (p. ‘)2). Experimentally, if 
the tubular ejutheliuni is /Ktral//srd ht/ v pa aide or by l<ar ivniperal ares all 
active* r(‘absorj)tion ceas(*s. ]U’ovin,L^ that, it is a e/7a/ piocess dejiending on the 
specitic propi*rties of tl\e living epithelial i*ells (cf. ]>. 9). 

rrinarp Sped fir (iravihf and Osnndarilp. d'he Table lu'low shows the 
approximat<* r(*lationship betweeji tin* conccjitration of t(»tal solutes in the 
urine expressed as osmoles/L and its sprnjie ifravtf/f (which is tlu* easi(*st 
and one of the most useful bedside d(*terminations). 

Sp. (1r.‘ . 1005 J()07 lolo 1015 lo20 1025 1030 1035 lOh) 

Osmoles/L . 0-2 0-3 o-l o-tJ 0-S 1-0 1*2 M Iti 

[Note tliat each i!u*renu*nt of 0*2 osmoles/L r(*j>resents an incrt*ase of 5 

in s]). jrr. 'Fhe concentrat ion of glomerular liltraO* 0-3 osinnles L.| 

if the specific ‘jravity of a urine is kn(»wn the total solute out|)ut can be 
calculated ap])ro.ximat(*ly in osmoles (or milliosmoles). 

Exam])h*.. 8p. gr. of urine- 1020; this is e<piivalent to 0-S osmol(*s L. 
Daily out|>ut of urine=:l2(K) c.c. 

.'.Total solute output in 24 hr.~0*8x l-2 ()-9<> osmol(*s OOO milli¬ 

osmoles. 

^ Sp. Gr. 1005, ri(\, is compared with water which is 1000. If Sp. Gr. of v. ;;l .r i , 
taken as 1‘000 then iSp. Gr. 1005 is equivalent to 1-005. 
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Osmotic Wohk of Tujjulks. Volumf Oklkjatoirk. Tlio osmotic 
j)ressiirc of urine varies widely : in some conditions, e.<f. after watt*r drinking 
it is more dilute than })lasmii, but "(uierally it is moni coneentratc^d. I’he 
avermjv maximal uriiiarv coJUMMitratioji is J-4 osmoles/L (plasma^03). The 
tubuiar epitlu^lium cons(‘<|uently ^emually }>erforms osmotic work to rt^turn 
water to llie blood against the osmotic n^sistaiict? of the concentrated urine. 
The urine cannot, lujwever, be concentrated beyond tlie point at wliich its 
osmotic ])rcssure just balances the absorbintf power of the renal cells (/.c. an 
osmotic pressure corresponding to a concentration of about 1-1 osmoles. 1^). 
The naiairfi of fhr oriav. thenforv tlemaml a certain •hvinimam volume <f water 
for their excretion (rolame ohlitjatone). 

If the amount of solute is known, the ‘minimal urinary volume in which 
the solute can be excreted can be (;a.lculated. Assume as in the examj>le 
given above that 960 milliosuioles are to be excreted. At 'maximal urinary 
concentration, 14(K) milliosmolcs of solute “ demand ’ itXX) c.c. of urine for 
their excretion (/.c. to give a concentration of 11 osmoles/L) 


960 milliosinolcs ** demand 


lOtK) 

liOO 


X 9G0~ 680 c.c. of urine. 


Tile Table lielovv sliows the volume obligatoire on different diets (yielding 
difte.rent amounts of solutes to be 4txcreted) when urine of dilTerent speciiic 
gravitii^s is passed. 


Volume Obligatoire in e.c. 


Diet 

Solutes to he 
e.Ncreted in 
'24 hours (in 
juilliosmoles) 

Sp. (Jr. lOlo 
0*0 Usmoies/J^ 

Sp. Gr. 1020 
0-i5 Osmules/L 

Sp. (Jr. 1035 
1-4 Osmoles/L 
(maximal 
eomrentration) 

U8ua] inixe(l food 
iiit.'tke 

12tK) 

2000 

15(X> 

850 

I'asting 

800 

KlOO 

1000 

550 

Fasting and 100 g. 
of glucose . 

400 

700 

500 

300 ! 

1 

Fasting or a mini¬ 
mal protein in¬ 
take plus enough 
gluwisti to meet, 
full caloric re¬ 
quirements 

. 

1 

! 

i 200 j 

i' 

1 

350 

1 

i 

! 

i i 

i 

250 

i 

! 

1 

1 

■ 

150 

'■ - -- - ■■ ^ 


__ _ _ 

____-.! 



When plenty of water is available for excretion a larger volume of more 
dilute urin(‘ is passed, i.e. a urine of lower osrnolarity (lower concentration) 
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involving less osmotic work in absorbing water in the tn])ules. When water 
is scarce the urine is excreted with inuxiinal osinolarity witJi corresponding 
inaxinial osmotic work in the tubules. An early sign of renal faihmi is impair¬ 
ment of water rcal)sorption : on a standard wat(T intake a fix(>d amount of 
solutes is excreted at lower osiiiolarity (i.v. lower sp. gr. urine) and in a larger 
volume of urine tlian is tbe case with noianal peo{>le. 

Heabsorption of water is only dependent in part on tin* antidiurelic 
hormone. Tims in the <‘omplete absence of this liormoiu', urine is passed at 
the rate of 30 40 L ])er day, /.c. out of 170 L of glomerular liltrate. 130 L of 
water (or more) are still reabs(»rlx*<l (p. 31). 

fusion. Forward-diffusion.- -As. the osmolarity of the, uriue 
rises the concentration of many of the individual constituents in the urine 
greatly exceed.s that in the plasma ; there is a tendency for the constituents 
to dilfusc^ back (passiveli/) into the blood : the tubular epithelium must do 
work to limit this back-diffusion. There is thus a limit to the concentration 
that tnay be attained l»y any individnal constituent in tin* urine; for this 
rcasmi tin- urea concentration in the urine rarely (‘Xc(i<Hls 4% (1(X)-21H) times 
as great as the [)la.sma urea coji(amtrati<»ii). 

(ienerally tlie conc(‘iitration of Na3 and (T in the urine is less than in 
[)lasma ; in dilu/e uritie it is very much less. The tiibtilar ej)ithelium must 
th(‘n do work to ])revent forward diffusion of Na' and Cl' from the plasma 
into the lumen of the tubule. 

Tubular Excretion. -The tubular epithelium (‘an also acliveh/ transfer 
substances from the blood into the lumen of the tubules and so eliminate 
tlumi from the body. This process is called tubular ejcrrction (or by an old 
convtMilion, fuhnlar secretion). In mammals none of the nornud jilasma 
constilmmls are so excreted (with the doul>tful exception of endogenous 
creatinine). Certain artificially introdu(‘cd substances are, however, eliminated 
in this way. Injected (exogenous) creatiniue and dyestuf[!s like diodrast 
(diodone) and other organic iodine comj)ounds are among the most important 
sufistaiices so treated (p. 37), 

Evidence for Mechanism of Renal Secretion.- -The evidema^ for the 
account of renal secretion given above will now be briefly summarized. 

Evidence for Composition of Glomerular Filtrate, (i) In (unphibia 
examination of tlie Iluid in Bowman's capsule collected by direct puncture 
shows that it is identical in composition with the plasma, in respect of: 
crystalloid osmotic [ircssure, electrical condnetivity, alkalinity, and concen¬ 
tration of urea, glucose, inorganic ]>hos]>liate. (U’eatiiiiiie, uric acid, and 
chloride ; the volume of capsular tiuid (directly measured) is well above the 
volume of urine, excreted in the same period of time. The capsular tiuid in 
amphibia is thus proved to lie a simple filtrate, as assumed ou p. 27. 

(ii) Similar experiments in vtammols an* far more difbcult to perform as 
the Malpighian corpuscles an^ ]»laced deef) to the renal surface and are covered 
hy loops of proximal tubule. A few successful ex|»erimcnts have been per¬ 
formed in rats and guinea-pigs ; the cn])sular Iluid collected lyy <lirect puncture 
was found to be protein (and colloid) fre<‘. but was otherwise identical in 
composition with tlie ])lasma. 'Fhe rate of glonuM ular filtration (determined 
directly) was 0-38-J-12 c.inm. 2 )er glomerulus j;»er Inmr. It is interesting 
to note that the hiinuin glomerular filtration rate of I2() c.c. per minute is 
equivalent to a How of (>43 c.uim. per glomerulus per fiour. 




KVI1)KN( E Foil TlIlJULAll IIEAIISOUITION 

Evidence for Tubular Reabsorption, (i) In amphiUUi tin* course* of 
tu])ul;ir ivabsorptioJi cmm l)e ibilovvod by liiiid from (lifb‘rcnt points 

alon^ tJjo coiirso of tlu‘ Tonal liibnlo. In this wav it can be shown that: 
(n) f/Incosv is absorbc<l in the pn»xiinal t.iilnile : (h) chloriilv is al)sorbe<l in tlie 
distal t ubule ; {c) arhllfiniflnif takes place in a short length of the distal tubuh* : 
(d) after poisonijiii with pliliu lfhiH, ^liieose r(*absorption eeases and th(‘ jilucose 
concentration in tiie proximal tubuh* rist*s, proving that n'a(rr is reabsorb(*d 
til ere. 

(ii) In inannmds it is comparatively easy to puncture the proximal luhule, 



Kio. lU. I lirccl I iisjHM lifiii nf Livin^^ M.onrnali.-m XrphniM. 

I U'uillr.'t-pii' Uii|Mr\ . Tin' rdiimiril itrrniplioii nl tlir tlllilllf [i.llft'Oi ;U 1“J (i'cImcK ir« a 
uiitriicniln.'.. Intiian ink lia" iM-rn jiiln a sitiL'Ir tiilnih’ sri'inriK ami ii:m lilliMl cdils nf a 

|ir<i\iiiial at T (l'^•ll»^•k. OiImt tiihtili-s voihlr an* also ])rohahly proximal tiilmics. 

(Walkrraml Oli\rr, Amrr. ./. li)41. //;/.) 


commonly in its tniddle third (Fie. J<b : vi*ry occasionally the distal tiiliule 
is struck. Following such an (‘xperiment, by an unbelievably skilful t(*chnicjiie 
the entire nephron is dissected out, the exact point of puncture determined 
and measured oil' in relation to the entire nepliron. The r(*sults are illustrated 
in Fijes. 11, 12). 

(a) (iJiivasr is leabsorbe.d in the proximal tubule; the a,bsolut(*. amount 
absorbed increases (up to a maximal lev(*l) as the plasma glucose conccaitration 
is rais(‘d. Iddoridzlif }>aralys<*s glucose* absorption (Fi^. 11 ). 

(/>) IIV//C/’. Followin'^ |»lj(oridzin poi.sojiin^ the glucose comavntration 
half-way alon^ the. ]»ro.\imal tubide rises to tlirtadbld (which is about as far 
as tin* pifK’ess can b^^ traced) (Fig. II) ; ])robably about of the filtered 
tluid is reabsorhed in the ]noximal tubule. 
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I 


(r) (■reaiininc. (■rctitiiiiiu* is iH‘it her ahsorlxMl nor secreted in tlie proximal 
tuhiih* ; its eoncentration risf^s to tlie same extent us does that of glucose 
after treatment with phloridzin (Kig. 11). Tin; rise in tln^ (‘n*atinine eoii- 
ceiitration in tin* tnlmlar fluid 


is thus a nu'asure of water 
absorption. 

(</) (Uthff'itir. - 'rh(‘ chloride 

eoncentration in tin* first half of 
th(‘ proximal tubule normally § 
rises only by X l-o (and not J 
X 3, like creatinine). This proves 
that, piirfial rhhultlr fthstn'pfloH § 
takes plac(' here. In the rat the ^ 
urinanf chloride coiuMMitration ^ 
may be lower than that of § 
plasma ; tliis |)roves that the ^ 
more distal parts of the nephron § 
are mainly responsible for chloride 
absorption (Fig- 12). ^ 

(c) Heart ion. -Tho rca(?tion % 
becr»iiH‘s mor(‘ acid owing to ^ 
reabsor]>tion of NalK^f );j ; further ^ 
acidifieaticjn occurs in the distal ^ 
(ahuh* (pp. Ul, IMi). 

(/) Osmotic Prvssair. 'Fhe 
osmotic pr<‘ssure nmiains an- 
chanffcd throughout the proximal 
1 11 hide : t Jiis means, of (auirsc*. 



that the fluid absorbed has the 
same* osmotic [irc'ssuj'e as the 
glomerular filtrate*. As both 
chloride and creatinine cojieeiitra- 


Fk;. II.- Ali.sorptioi) nt (.ilnrnst' and WatiT in 
tlir IJ(‘nal Tulndes. {It<‘dra\vn IVoin 
Walker ftf at.. .Anirr. J. J^tnjsiol.. 1041 , 
134. r»N7.) 


lion nse m the proximal tubule 
and tin* Na"^ concentration is 
unaltered, the Iluid which is 
ahsorbcul, though isosmotie with 
the glomerular filtrat e., is of differ¬ 
ent composition (/.c. it contains 
I(*.ss chloricU* and more Na/* prob¬ 
ably as NaH(H).j), thus acidi¬ 
fying the fluid. As the osmotic 
])ressun^ of the urine may be 
substantially liigh(*r than tliat 
of the llnid in the proximal 


on iin<l rats. 

Onliiiaii ; I'oiu'cntration ratios hi'twoni the fluid 
roIN-rtrji (In direct puncture) frotn nowman’s 
<':ipsulc or flic proximal tiihnic, ami plasnm. 
Ml Micaii'' liiat Die Iluid ami the pla.-ma lui\<- tlic 
same eom-eiitra! ion. 

{'irrh-it ; t'liiense in normal animal. 

Ithirl,- Stftnin'K : s'lneo.si* alter poisonimr with phlorid/iii. 

/Uarl: trhfuifirs : eri alinine ; the results are the same 
hefore and .after pldorid/.in. 

Note that norm,ally uliieose is .almost eompietely 
.ahsoriied in the proximal tnimle. 

After phlorid/.in, tilm’o.si' .and ere.itinine ari‘ eon- 
la-ntrated equally owini? to ahsorption of water in 
tlie proximal tiihnh*. 

-.‘d*,',. .’’•dj*.!,. T.'i",, repri'.siait point.s one-ipiarter, lialf, and 
fliree-ipiarlers the distama* alonir tlie ])roxima: 
tuhule. 


tubule, furtln r absorption of water must oeeur in the distill tubule (Fig. 12). 

Kvidknck Foil TriUTi.AK Kxchktio.n. (i) .\s <‘xplaim*d on ]>. 37, the 
high plasma. eh*ara.nce valin*s obtained in man for diodrast (700 c.c.) prove 
that it is la.rg(*ly (*xeret(*d by the r(*na.l tubnh‘s. 


(ii) In the ea.sc* of the creatinine normally present in tin* plasma, the 
inade(|uate data available suggest that it is eliminated w'holly by glotneruluT 


2 
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iiltratio!!. 11* the blood creatinine is raised iv wan l)y intravenous injection 
of (exogenous) creatinine, the resulting cnuitinine (slcararKK^ value may 


$ 
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§ 
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Fio. 12. -Chan^t^s in Sodium and Cldoride Concentrations and in 'r«)tal Osmotic 
PicHSuro as Gtijuerular Filtrate passes along iienal Tul)ul(‘. (Walker al al., 
Awer. J. Physiol,, llHl, J3J.) 

C'irc/«jf = Chloride ; Crowif™Sodium ; Triaiujlfs -•i»siiH)tic preHsurc. 

Vertical axis ; left.duuid column, l.’/P--<M>uceiitrittiou ratio of tubular lluid/plasma. Uight-iiaud 
coluiuu : IJ/P -coiiciJiitraUou ratio uriije/j>lasiii:u 26%, aO'^o, 75% represent points one* 
(piiirtiT, halt-way and thiec-quartors the way .along th** proximal tubule. 

So ehanKi' in OHinotlc pressure or in Na' takes place in j>roximal tubule in spite ol' al>sor|)tion of 
water (Vig. 11): there is an increase in t-T <*<»rieentration (iiitlieating absorption ot isosmotle 
but Cl-poor iluid, eontainiiig I'crli.aps execss of .NallCO,). The. further abstu ption of <’hloride 
^fJiown hy the fall in Cl' njneencratioii in spile of al)s<»rptioii of water) arul rise of osmotic 
pressure are due to the absor|>tive. activity of the distal tubule (cf. values ibr the ultimate; 


bo 170 c.c. ; as it tlioii exceeds the iiiuliu clearance value (of liiO c.c,), it is 
in part excr(*ted by the tubul(?s. 

It may be n* emphasized, however, that no other normal plasma constitu¬ 
ent is excreted by the tubules. 


USE OF CLEARANCE VALUES ANT) OTHER SPECIAL METHODS 
IN STUDY OF RENAL ACTIVITY 


Clearance Value. —The (ilearance value (C) of a plasma constituent is 
the voliimei (in c.c.) of plasma whicli contains the amount of the constituent 
which is excTeted in tin; urine in one. minute. Consid(».r the clearance value 
for urea (urea clearance) : ]jlasma c.onc.eiitration of urea (P) is 30 jng-% ’ 
the amount of urea excreted in the urine in one minute (U„) is 20 mg. 

1 r , U„.X100 20x100 . 

Clearance value (in c.c.)- -— —57 - bo c.c. 

1 uC) 

In other words 66 c.c. of plasma contain the amount of urea which is excreted 
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in the urine in ojie iriiiiut(i. 'I’he term clearance value is somewhat misleading 
because the plasma, is not clmvM of urea. Of 7(X) c.c. of plasma which how' 
tlirougli the kidney in one. minute, the volume iilt«*red out. through the 
glomeruli is only 120 cx., contaiiniig 3(> mg. ol; urea of whiedi only 20 mg. 
escape in the urine. The elearaiKM! value is thus a so called “ virtual volume " ; 
it is the result of an arithmetical calculation. For all that, the determination 
of the clearance value for certaiji substam.*es provides a measure of the volume 
of the glonioriilar filtrate and of nmal eflicicmcy. 

Inulin Clearance. Glomerular Filtration Rate. - The soluble poly- 
saeeharide inulin is liltenid out from th(‘ glomeruli in the same concentration 
as in plasma ; in the tubules the. inulin is neither reabsorbcMl nor excreted. 
If these statements an‘. true then the inulin ehuirance value is equal to the 
volume of the gloirierular filtrate. 

Suppose the plasma inulin coiicentnition (P) is 100 mg-^l',. and tlie inulin 
excretion in the urine per minute (U„,) is 120 ing. Then 


('learance Value— 


loo 120X 100 
“ p Too 


120 c.c. 


ARTERIAL 


GLOM. FILTRATE 
120 c.c/inin. 
INULIN CONCN. 
I00in5yi00c.c. 
INULIN FILTERED 
120fn3./min. 


RENAL PLASMA FLOW 
700c.c.per* min. 
INULIN CONCN. 
lOOm^. per 100 c.c. 


i.e. 120 c.c. of ])lasma liave been cleared of inulin. 

As inulin is assumed to be neitlHu* reabsorbed nor exctreti^d in tlu! tubules, 
the only way in which 120 e.e. of 
plasma could have been <*leare(l of 
inulin is by the filtration of 120 c.c. 
of (protein-free) plusma tlirough the 
glomeruli. In other words, the inulin 
elcaramre value (120 c.c.) is, as stated 
above, the glomerular filtrate volume 
. (Fig. 13). 

EvIDKNCK that IxUUN IS Eltm- 
inatkj:) solely nv Olumkrular 
Filtration. -Inulin is a solulde })oly- 
.Siieeharid<‘ with a inoh*cular weight 
of 5000. IJ’ carefuJl// and thorouphl// 
purified it can be. in jectcul intra venously 
without ill eHect. 

(i) In the frog direct examination 
shows that the inulin concentration in 
the glomerular filtrate is identical with 
tliat in plasma; inulin is not excreted 
by the kidneys of aglomerular fishes. 

(ii) In man, alterations in the plusnm 
inulvH concentrafioH (under (mulitians 
of constant (jUnnerular filtration rate) 
do not affect the inulin clearance value. 

Thus, if the plasma inulin concentra¬ 
tion (P) is doubled, twice th(j amount 
of inulin is filtered out from the 
glomeruli, and twice the amount is 
passed out in the urine (Um) ; as P and rise to the same extent th 
clearance value is unaltered. 



VENOUS 


INULIN EXCRETED 
IN URINE 
120 mq. per min. 

Flo, 13.—DiagraiT) of Inulin Clearance as 
Measure of Volume of Gloixienitar 
Filtrate (Slome). 
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MEASITRKMKNT OF RENAL lU.OOl) FLOW 


(iii) The clearnnre vahi<‘s lor all substances eliminated solely by glom¬ 
erular lilt rat ion should la* t he same under constant conditions. In the dotj 
the cl(‘arance valm‘s for itinlin, creatinine, and ferrocyanide are identical, 
proving that thev are treated in the same way. In vi<‘W of tin* higldy selective 
character of both tubular reabsorption and excretiofi. it woni<l lx*, most im- 
[)robabl{* that three such utterly diverse comj)ounds would have the- sann* 
value, unh‘ss in all tin(‘e cas<*s they W(*re excret(*d solely by glomerular 
tillraliim. 

(iv) Idiloi'iihiii acts directly on the renal tnbnh*, ]mralysing it,s pow<*r of 
reabsorbing glucose back into the blood. After injection of phloridzin, 

the glucose* clearance* e*(pials the 



Vm. 


simultane*oiisly ele*terniine*el inulin 
cle*arance it) the* ele)g, indie*ating 
that be)th sul)stane‘e*s are tre*ate;el 
in the same* wav (/.r.. both are 
purely tiltere*ei). In nnin (after 
]u>ise)ning with ])hle)iielzin) the* 
glue*ose*/inulin cle*aranee? ratio is 
t)‘9: it is not unity l)e*e?ause a. 
full paralysing eiose* of phlorielzin 
e'annot be* safe‘ly give*n, anel so 
seune glucose* is still re‘a.bsorl)eei. 
The vabie is suihcmnt ly ne?ar unity 
howe*ver to indie*ate* that both 
substanc(*s are* e*lifninate*d uneler 
the*se conelitions pure*ly by filtra- 
tie)n (Fig. I I). In the* phloritl- 
zinisnl dog, tin* ch*aranee valuers 
fe»r inulin, eivatiniin*, glucose, 
xylose*, sucrose*, and ferre)cyaniele* 
are ide*ntie-al, ix. tln*y an? all 
e'XcUvsively l\ile‘re‘d. 

To ilrfrrnnnf iflnntrrnJftr Jilfm- 
fiun rohnnr in nnin a large* initial 
de>se f)f imdin is inje*e*te*el which is followe*d by a e*onst.ant inulin infusieen at 
a rate whie*h just eomp(*nsate?s lor tin* loss in the* urine. A e*onstant plasma 
level of inulin is maintaine*el. Ttnler the*se* e*einditieuis the* cejneentration in the 
syste*mie venous ble)e)ei is fen- ail practie*al purpose's the same* as iii t he* arterial 
blood. The inuliti ceme-entration in the* plasma of ve?nems bloexl (P) anel the? 
simultaneous inulin e*xe?re*tion jie*r minute* in the urine (T^J are ele*termined. 
The*n : 

<Jh)mer\dar Filtrate - ^ ^ ~ ' 


14.—Clfaranoe* Mate's oi“ N’aritius Sul>staiie.‘e*s 
(X) (in Mnn) compared with that of Inulin 
uneler Normal Condition (It'.ft) anel after 
tn*alme‘nt with Idiloridzin (right). (Ileancr 
Smith, oj' thii 

Wlii'H’ On* mtift X iiniliri I, ttir <ul)siau*'v cliiniriatnl 
)•>■ liltralinii <»nlv : it On- tati«» i.< ovtT I, it J> hImi 
rxiTeO <l l»y r)ii‘f iiliiilf" ; if tiic ratio is under 1 tlim 
r<-al»s(ir\>t.iMn eak^'s in eU»- Tv»\»uU‘s. 

lililiii iil/iii I In- ratio in all •■.•i*,,-'. («'Xf i i»r nr^a) is 
apprx.xiinatrly unity. 


Measurement of Renal Blood Flow. Diodrast Clearance. The 

renal hlooel He>w in animals eaii he easily me*asiirt?ti direetly hy various 
means. It ean also he eiet:ermine*el indire*ctly hy rtiethods hase*el on the Kick 
|>rineiple‘ (as used ibr elete*rminiiig the pulmemary hlemd fleiw and coiise?- 
ejuently the* cardiac out])Ut (p. 27S)). Let P and V represent resj)e*ctively 
the cem(?e*ntration in mg of a e*onstituerit (A) in tJie ])lasma of re?nal arterial 
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aivl HMifil vonous blood ; let the output in int^. of A in tlie urine per 

rniiiute. Thus, 

1(K) c.c. of iirterial plasnui arrive at the kidney with P, leave with V’, 
and lose P V ; 

p__V is eliminated by KK) c.c. of renal plasma flow. 

" 1 (X) 

.*. is eliminated by j,- x U„, c.c. = renal plasma flow per minute. 

The term rxfrarfloH rate, is applied to the expression (P- A')/P, and repre- 
stmts the fraction of th»‘ arterial jdasina coneentration (of A) which is 
exeret<*d by the kidn<‘y (ef. eo- 


ellicitmt of utilization of oxv^tm 
(p. 113)). 

This nudhod can b(‘ tmiployed 
in animals nsin^ any conveniently 
determinable ])lasma constituent 
(A) : it involves of c()iirse jjunc¬ 
ture of an art<‘ry and of the renal 
vein. In tnan, as renal \ein 
punelure is itiipractical, this 
method can only bi‘ used wlnm 
the (le(/rrc of iwh'ortUto is vonstaul 
fuul Is Intotrn. If tlie extraction 
from the plasma is eo>ap/c/e. none 
of th(‘ substance A escapes into 
th(^ nmal v(*nous j»lasma and 
V is 0; P V - V 0 V : the 
formula for renal ])lasma How 
100 

p-\. •. l.i,„ then l)ecomes sim})ly 
100 


arterial 


GLOM FILTRATE 
120 c.cjmin. 
DIODRAST CONCN. 

ImgViOOcc. 

DIODRAST 

filtered 

I’2 mg./min. 


RENAL PLASMA FLOW 
700 c.c per min. 
DIODRAST CONCN. 

1 mg. per 100 c.c. 


i—►VENOUS 
I PLASMA FLOW 
I 580 c.c./'min. 

I DIODRAST CONCN 
Img./lOO C.C. 

I TOTAL 
j DIODRAST FLOW 
5^8 mg./min. 


P 


y.e. onlv arterial hlood 



TOTAL DIODRAST 
EXCRETION 
IN URINE 
7 mq. per min. 

Fnj. 15.—Diagram ef Diedrast (.’learanec as 
.Moa.suro of WjIumic of Renal Rlasina 
Flow. (Sloine.) 


and urine need he analysed. (As 
will be mentioned ladovv. under 
suitable ex|>erimental (*onditions 
systemic rmous blood can be u.sed 
instead of arterial.) From a. 
knowdedge of the relative volume 
of plasma and corjmseles) the foUtl renal bloodJlotr can be readilv cal(mlat(‘d. 

There is evidence that when certain dyes which arc organic iodine c.om- 
pounds, c.r/. diodrnst (diodone), are injecteci int<j tin* blood to jjrodiict* plasma 
concentrations not exceeding 5 mg. of contained iodine (or perhaps even 
lb ing.) ]jer IfX) c.c., they are coni|)let(dy, or almost comph‘tely, extracted from 
the blood during each ])assage through the kidney. Let us assumi* a plasma 
diodrast concentration of I mg ami a renal plasma How of TOO c.c. |)er 
minute. 120 c.c. of glomerular filtrate are h)rme(l containing 1-2 mg. of dio¬ 
drast ; the remaining bSO c.c. of |)lasma reach the tiihuh's ; tlnur (M)ntained 
mg. of diodrast an* actirvlif ejvrvted by the tubular epithelium from the 


II A 1 
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DIODRAST CLEARANCE 


originally present in the 700 c.c. of rejial j)lasina flow are cleared from the 
blood ((‘f. Fig. 15). ]f these statenn'iits are true, t he diodrast elearaiiee value 
is a m(‘asure of nuial plasma ilow.^ 

The practical procedure in outline is as follows : after an initial large 
injection of diodrast intravenously, its administration is kept u{) at a rate 
wliich just com])(Misates for the loss in tin* urine : under thes(‘ conditions 
the systemic. vt'Hous concentrat.ioJi can be used as equivalent- for all practical 
purj)Oses to the arterial concentratiiui, as the concentratioji in the bh)od is 
maintained at a st(*.ady h‘vel. Tlie diodrast excretion in tli(‘ urine is simul¬ 
taneously determined. P ([)Iasma diodrast concentration) and (urinary 

excretion of diodrast per minute) in the forinula— being known, the 

renal plasma How is easily calculated. 

This procedure' in man gives a renal plasma How of -lot) 700 c.c. and a 
total renal blood Jlovv of HOO l,‘10O c.c. in relation to a standard surface an‘a 
of 1*73 S(j. metres. 

SlAJULTAXKOrS I liyi’KlLMl NATION' OK I.NriUN AND DioDKAST ('iJOAKANCK.- 
To clarify the foregoing discussion data are given lu'low from an exj)eriinent 
in man in which the inulin and diodrast cleaninces were simultaiu'oiisly 

determined (using the formula — The results imudentally sfiow 

that these clearances an* unanect<‘d by changes in tlie volume, of urine How\ 
[The reader is advised to work out the (*alculations and chc'ck the clearajice 
values set out in columns (7) and (S).| 


Time after 


Jniilin 

Diodrast Iodine 

(Uearanee Value 
in c.c. 

beginning of 

Urine Volume 


.... 





experiment 

(minutes). 

c.c. per 
minute. 

Plasma 

i Urine 

1 i»S ‘’o. 

IMiiniiwi 

mg-'/o- 

Urine 
™g- %• 

Inulin. 

Diodra.st. 

37 

8-5 

123 

1 l/i8l 

004 

40(> 

109 

058 

47 

1 5-7 

122 

; 2235 

OOO 

07 4 

105 

on 

of) 

1 3-6 

123 

! 3530 

0-58 

08-9 

103 

014 

84 

2-4 

130 

1 5400 

000 

1590 

101 

630 


Note: To oaloulate tlio clearance values, t he I'm for inulin and diodrast must first he 
worked out from the data in columns (2) and (4) and columns (2) and ((>) respectively; 
then apply the formula UmX 100/P. 


InMiTATiONS OF DioouAST Mkthoj) OF Mka.suiuno Kknal Pj.asma Flow. 
- (i) In doffs, 10% of the arterial diodrast escapes into the r(*nal venous 
blood j as the diodrast clearance is only 90% com])l(d>e, the. use of the formula 

— ji ^ives a. value for nmal jdasnia How' which is 10% too low. Deter¬ 
mination of the diodrast content <jf the renal venous blood in ntfw gives similar 
results. Ill so far as the diodrast clearance method in man is inace.urate it 
gives an underestimate of nmal blood How. 

^ Para-amino-hippurate may bo used instead of diodrast and gives similar results. 

“ For simplifi<;d filinieaJ procedures, sec Olbrioh ai al., Lancai, HirU), ii, 505. 
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(ii) I'he fliodrasi luotliod measures tho blood flow only to nnrmaUjj fuvehon- 
ItKf ftihtdrs. if tli(* blood is passinjj to nofi-rafictioniiit? tubiil(\‘^ thyy do not 
cloar tilt* diodrasl, and that IVaction of tho blood flow is not rovcalod. If l lit* 
hlooti won* shunttMi throu^li tho nH*diilhi thus mainly bv-passintr tin* oortox 
it would not reach the efiithtdiuni of the cmivoluted tubules in the eorte*x 
which are responsible for secreting diodrast from tin* blood into the lumen 
of the tubule ; hert* again a fictitiously low value for blood flow W’ould be 
obtained. This limitation of the diodrast technicpie is w'ell shown in animal 
experiments on liaunorrhage where the directly measur(‘d blood tlow' may la* 
n(*arly twice as great as that- cal(ailat<*d from diodrast cl(*aranc(.‘ Aaliies. The 
same (uror inay occur in stmlies of patients with ha*morrhage or shock. 

As will be ex])lainod on p, 4U, it is ])ossible to assess the functional state 
of t he tubular epithelium by determining tin* niaximul pow(*rs of the tubules 
to excrete diodrast (so-called tuhular wa:ritnum or If the T„ is below 

normal, the tubuh's are firoliably damaged and the diodrast chvararice ]>r()bably 
gives a correspondingly misleadingly low value for renal blood flow. If the 
Tm is normal the diodrast clearance is j>robably a fairly reliable m(*asure of 
renal blood How. 

IIkka CiiEARATSKiK.^ The value for urea cl(‘arane(^ was calculated on 
p. 3;“). Thv n'siilt giv(‘n there, /.c. (it) c.c. has tin* following meaning. If the 
glomerular filtratt* is 120 c.c. ])er ininut(* and the plasma urea J(*vel is 30 
mg-^’o- then 3t) mg. of ur(‘u are filtered out jXT minute through the glomeruli 
into Howman's capsule. If 20 mg. of urea arc excreOxI in the urine per inimite, 
then 3() 20=- Iti nig. of urea are reabsorbed into the blood [)(*r minute. 

Van Sj.vkk/s Urea Ulearance Tesi.- According to Van Slyke normal 
values for urea clcmranee are partly d(*|)endent on the rate of urine flow. 

(i) If lh(* rat(‘ exceed 2 c.c. per minute, the usual clearance formula 

-p"xlO() repres(‘nts the findings, lie <^a]ls the result the maximal urea 
clearance ((\,) and gives the normal range as (>0-95 c.c. (mean 75 c.c.-’ 

(ii) VVhtm the flow of urine is /cs.s tium 2 c.c. per minuie he uses the formula 

Urea % in urine x n/ urinary volume per minute _ U x v^V 
plasma urea concentration P 

The Kjsult is tbtj standard clearance (Cj and the normal range is 40- 65 c.c. 
(mean 54 c.c.—100”',)• 

Whatever may the physiological interpretation of these clearance values, 
it is claiuKxl by \5iii Slyke that urea clearance (expressed as a perceniatje of the 
rnemi normal values) is a reliable, if empirical, index of the functional state of 
the kidneys. 

Thus, ill a s(*ries of cases of kidney disease, w^heii the Cg fell to 50% there 
was no change in blood urea ; with Ca between 20 and 40” q, in more than half 
the cases the blood urea was unaltered ; only when the Cg was below' 20% 
did nearly all the cases show an elevated blood urea. Similar results were 
obtained from a study of the blood creatinine ; only when the Cg fell below 
20% did the blood creatinine exceed the upper normal limit of 2 mg. per 

’ Vetors and Vn/n iSlvkt*, QuaiUilatire Cliniml Chemistry^ Jntexpreiation, /, i, 2iid edii„ 
1946. 840. 
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TFRULAU ¥.XCnKT()R\ MAXIMUM 


10(» c.c. \Vli(*n tiio urea clearance falls l»elo\v 5'^, (of the nonnal), uraunic 
syiiiptoins are prescait ; ahovt* Jt)",, tli(*s(‘ syinptoins an* alisciit. 

T}ie clearanc(* test is carried out as follows : the uritu* is colh*ct<*(l for 
two t)n(‘-hour periods ; at the end «»f thelirsl, hlood is collected : the volume 
of urine, its urea concentration, ami the jylasrna urea concentration are 
determined and the appropriate calculations imoh*. 

General Significance of Clearance Values, (i) When a substance 
is tilt(*n*d out in tlie elomeruli and is neither r(*al)sorl)ed nor e\cn‘ted in tin* 



10 20 30 40 50 60 

PLASMA IODINE (mg.%) 


I'K;. H>. .Maximal Tubular Excretion of 

Uindrast Iodine by Kidneys in Man. 
ll’cdniwn from \\’bit(‘ ft dl., Vroc, Soc, 
lilol. MnL, liMlh //;, i:{.) 


tubules, its clearance value eipials 
the volume of glomerular filtrate. 
This is true of innl 'ni. 

(ii) When a substance is filtered 
out in tin* glomeruli and is n*ab- 
sorlH*d in t he tubules, its clearance 
value is h*ss than the volume of tin* 
glomerular filtrate, /.c. it is.less than 
the inuiin clearanc(‘ value (cf. amt 
rIfvraiHT, p. oil). Tin* more com¬ 
pletely tin* substance is absorbed, 
the low(*r is its normal clearance 
vahn*. 

(iii) When a substanci* is filt(*rcd 
out in the glonn*ruli and is also 
excr<*ted l)y the tubules, its clear¬ 
ance value exceeds the glonn‘rular 
filtrate and thus exceeds the inuiin 
clearanc(‘ value. Tin* mort* (‘xt(‘n- 
sivelv it is excre1(*d in the tubules 


hiiKirast oxitpsscd ill of its i'oiitoit. the higher the cleai’auce valin*. If 

Oriiiruilf : tultiilar rjrrfUntt ol' dioilrast (>.*'. tot.'il i ' • i j / i i 

♦•xrretion in iiriiic (I m) niimis aiiioijut lilfi-n-d in SUOStanCf* IS f'Otlt jticfc'l (/ 

I'loMi.rnli (!•„,)) slaml.inl .^.iirran- aiva (1 7:> //,^> nf(,.stuff, l/s clrfftVttfr rffhfr 

sij, iii.l. I hr ran* (>I liiliiilar * \< n tn*n ol nio(lr;iv| • . . ' . , . 

at first ii«-. aliiid.'.t jii diirrt proiiorfioii t»i list' f'fJffftl-S tnf' l'<‘ttffl ^llflstttfl f/fHf'. 

of plasma dioilrasf i. v. i; at plasma lr\ri ol Determination of Tnhlllflr 

\:, -M iti-i. ..t .liodra.st I. iiiaxiiiiiiin .xrntnin is i-^ererminauon Ol luouiar 

rrarlird I'm aO in^'. inin. ' 1 -TC. s»|. in. Excretory Power. Tubular ex- 

cn*tion, like* tubular rea])sor|)tion, 

<h*pemls on the viltd activity of tin* liA'ing epithelial cells. (Minieally the 

maximum ]»ower of tin* tubules to excrete foreign substances (c.r/. diodrast) 

can bt* readily determined and is ealletl the T,„ or tnhuhfr ejrMorff 

ttidjiitmtit). Thus “ diodrast T,„ ” means the maximal povi'cr of iln^ 

tubules to excrete diodrast. This is det<‘rmined hy raising the' plasma 

diodrast concentration well ahorv thr Irrrl dl trhirh cotnftlclr (\rfi\fvUoii is 

possihir, i.r. .‘tbove 2i) mg (of iodine) ; the urinary diodrast excretion is 

determinefl (1-^) ; tin* amount of diodrast filtered (F,„) in the glom(*ruli is 

calculated from tlie plasma diodrast coneentratioii ami the volume of gloiin*r- 

ular iiitrate ( inuiin clcarjinee value) and is dedncteil : then T„j --A F,„. 

Tyj)ir'al rt*sults are shown in Fig. Jb. In man the maximal diodrast outjuit 

is about 50 mg. (of iodine) ]>er minute. The T,„ value is related to the vumher 

uf fdnftiottidf} Idhdies dttf/ fhrir ejrcrcforff efjicifdtvtj ; it is tln'refore regarded 

as an in(i(*x of iuhdhir rjrirlftrtf mas.s. It is uncertain to what externt tin* 

T„i for one suh.stance is a guiele to the T_, for ot]n*r iinr(‘la.ted substanc<*s, as 
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spocilic may be in t)iti (*.xcrtitiori of ea(;li substance or 

^rou|) of substances. Similarly, it is uncertain whether the excretory is 
a guide to the* mihstnptirr powers of the tubules. In general, however, a 
marked decrease in represenfs a. de-crease in the namher or the (feneral effleienci/ 
of the renal Inhales (or both combined). 

Notion of T,„ Applied to Glucose Reabsorption. - The notion of Tn, 
can be usefully applie<l to the treatment of glu(;ose by the renal tubules, 
'fhe following results W(‘r(* obtained in a <log on jirogrevssively raising the 
])lasma glucose (a)ne.(mtration. 


Plasma glucose. 
rag Tc. 

: (3uc!oa<* Hltei'od 
i ill glomeruli 
mg./minute 

(tJuer>S(‘ lost 

mg./minute 

Glueoae 

ri*a.bsorl)t!d 

mg./minute 

(I) 126 

145 

015 i 

145 

(2) 238 

267 

2*2 

265 

(3) 437 

499 

229 i 

270 

(4) 1234 

1494 

1212 j 

282 


Initially as the plasma glucose rose above its normal value all tlie glucose 
filtered in tlie glomeruli was reabsorbed (Table, (1)). But there is an upper 
limit to the absolute amount of glucose that can be absorb(*d in unit tinier : 
in this experiment it was 2S0 mg./minute. VVlnm the absolute amount of 
glucose filtered out excc(‘ds this value, the balance is lost in the urine (e.(/. 
Table, (,‘5) and (1)). T1 h‘ glucose reabsorption T^ (or Tm,,) in this dog was 
thus 280 mg. In man the Tm„ is thought to be 300 ‘150 mg. per minute. 
The relation of Tm„ to clinical glycosuria is fully discussed on p. 027. 


STmiOTUKK OF PITOITARV OLANI) LHVP()IM1VSISJ.‘ RELATION 
OF NEUK.AL DIVISION [ NEUROH VVPOPHVSIS, POSTERIOR LOBE] 
TO REOOLATLON OF WATER AND ELECTROLYTE BALANOE 

The ])ituitary body consists of two ]iarts -a neural and a tflandubir 
division which, from the standpoint of development, structure, and functions, 
are entirely distinct organs ; it is not clear why th(*y have (?ome to be so 
intimately associated anatomically. The strurfure of both dirisions is described 
below. Th(^ functions of the neural division will tlum be discussed in detail 
as it is intimately related to the control of water and electrolyte biilancc. 
he functions of the anterior bdu' are considercsd on pp. b3() ef seq. 

Structure of Pituitary Gland (Fkjs. 17 and 18). (1) Nkitrau 

Division (NFafJU)iivj'()i'nvsis). The neural division includes the pars 
nervosa, the infundibular stem, (pituitary stalk), a.n<l its continuation into 
the floor of the third ventricle, called tlie median eminence. The structure 
of all thr(‘e parts of the neural division is identical ; th(‘ outstanding feature 

‘ Kor gcruM-al reviews of tlie pituitary, sc*c Assoe. I^cs. uerv. merit. I)is., Pituitary 
Ulaml^ ItKiS. Van \)yk(\ Physiology arid Pharmacology of Pituitary (jHaudyChWngn, 1936, 
1 ; 1939, 2. Pincus and Thimann, The Hormones, iS.Y., 1948, 1 ; 1949, 2. 

2 * 
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STRlJt:TlIUE OF ANTERIOR riTUlTARV 


is the very rich supply of noh-medullatcd 7icrvc fibres (Fips. 17, 23) which 
arise in tlie hypothalajiuis, mainly in the supraoptic nucleus. Numerous 
modified neuroglia cells (called ^M7?y?Ciy/c.s‘) are present (Fig. ID), with branching 
f)rocesses and nuclei staining with cresyl violet; their significance is un- 
known. is a rich (^a[)illary blood supply. The absence of epithelial 

or glandular-looking cells is noteworthy in an organ of proved internally 
secreting functions (cf. }>. 1^^). The neural division develops as an out¬ 
growth from the Jloor of the third vcntrulc (i.c. it. is modified nervous 
tissue). 

(2) OLANDrLAi; Divjsio^’ [Ai)KXohvj*<)J*hViS 18 ].—The glandular division 


Supraoptic nuc. 



Fig. 17. Diagnon of a inid-sagiltal section throiijiJi the hypotlialanius and liyuopiiysls 
of Ha* eat, showing tlic two divisions of tlie hy|)(»lhalartjn-li\jM»{iliyseal tract, /.e. the 
BUpraoptieo-hypophyseal and the tiil)oro-hyj)o]»hyseal. The oldicjuely striped eirrh* 
indicates the position of a typical hrsion designed to jiroduee diabetes insipidus. 
(Fisher, [ngraiu, and Hanson, DiuheJes Insipidus^ Kdwards .Bros. Inc., Ann Arbor, 
Michigan, Hh'lS.) 

interg. clclt— Intorglandiilar eJett; Tars ant.=pars anterior ; ro6t-hyi>othal., Aut.-liypotlial. — ])OBt<.‘rior 

and anterior hypothalamus. 

develops from the primitive mouth cavity {sloniodmiwi) ; it usually consists 
of three parts : (i) pars aiiteriory (ii) jxtrs intermedia (abstmt in certain species, 
and very small in man), and (iii) pars tvberalis (rartdy found in man). 

(i) The pars anterior is large, compact, and highly vascular; it consists 
of cells arranged in nests or columns surrounded by connective tissue. The 
cells are of two kinds (Plate J) : 

(a) Chromophobe, without affinity for <lyes. 

(b) Chromophil, which stain readily and are subdivided according to the 
character of th(*ir granules into eosinophil cells which stain with eosin or acid 
fuchsiti, and basophil cells which stain with haunatoxylin. 

The functional significance and mutual relation of these various elements 
is still obscure ; the chromophobe cells may be the undifferentiated non¬ 
secreting precursors of the two kinds of chromophil cells. When the latter 







Fig. 19.- Histology of Tars Norvosa. (J^’islu'i-, Ingram, and Kaiison, Diahate^ hisipidns 
" Edwards Eros. Inc., Ann Arbor. Michigan. 19.‘58.) 

A. TrausverHc Htuaioii through pars imrvosa of noniial rat. Crr.syI-vioIrt stalu. X ^^purs nervosa, showing 

nuclei of pltulrvtrs. I (at upper marglimf section)-pars Intermeaia. 

B. Normal pars nervosa (higlior magnlflcatioii). shoMiiig the pitiiicyU.s (p) The long proeessra of the 

pituieytes and glial Ilbres ran also hr seen, rrnllrld del Kio-IIortega silver carbonate stain. 
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discharge tlioir socrotion thov loso tlioir and an* tlicn supposed to 

rovert to the rlironiopludR* jihaso. 

Tsoful information onn la* d(‘riv(*d i’roni ;i study of tin* piVocts t)f innop(*nt 
tumours (adonom.i) arising from tin* ditforont kinds of polls. (’lironiophola* 
cell tumours arc associated with si^ns of hypopituitarism (j). lllO) : this 
observation suej^csts that tln^ idironiophobc cells of the tumour form no 
internal secretion but nu'chanically destroy tin* s(*cr(‘tln‘^ (*l(*m(‘nts in the 
intact part of the ^land. In acrom(*^aly (p. ^M1) tumours of the eosinophil 
c(*lls an* almost, constantly jiresent. The eosjii^idijls probably funu growth 
hormone and prolactin. (Mianges in the basophil c(‘lls occur in (hishing's 
syndrome (p. hbri). [See also jip. ItSO, iDSo. 1 

Although very f(*w nerve libres have been tract‘d to the pars ant(*rior 
there is persuasive evidence that its s(*cretorv a(‘tivity is controlled in j»art 
by the central ru'rvous system (p. h'll ). 

(ii) The pars fuhrralis (s<*e Kig. 17) is ditlicult to demonstrate in man. 
though it is consjiicuous in the cat wlicre it embraces tin* infundibular stem 
and extends to the hyjiothalamus. When ])res<*nt the jiars tuberalis consists 
of numerous vesicl(*s lim*d by basophil cells : the v(‘sich*s contain coagulatiMl 
iiuid and cellular (*lenients wJiicdi are probably deriv(‘d from tin* deg(*neration 
of the surrounding cells. Its functions an* uidenown. 

(iii) The pars ia/rnnrelia is a thin, poorly vasculariz(‘d tissue of variable 
structure. In man such little intermedia tissue as is [>resent. li(*s in the pars 
anterior and consists of d(*nsely packed basojihil cells. In sotm* species the 
intermedia is absent. The role of the jiars interim‘dia in mammals is un 
known. ‘ 

Anatoancalln the pituitary is divisible into an aatvrinr and a posteriar 
lobe. The anterior lobe contains the pars anterior of tin* glandular division : 
the posterior Jobe contains the jiars m*rvosa of the n(‘ural division. 

The Neural Division (Posterior Lobe).- Tin* neural division has t wo 
functions : 

(i) It secretes the antidiaretiv hormone which controls the s(*cretion of 
urine liy the kidney and thus regulates the water and electrolyte balance of 
the body fluids. 

(ii) It (probalily) .secretes the oxiftovie hormone (oxtitoein) wdiich .stimulates 
the uterus, e.s])ecially during parturition. It is beli(*v(*d that o.xytocan may 
be normally relat.ed to the onset and progress of parturition. Oxytocin is also 
probalily seerreted during lactation and promotes the discharge of milk from 
the breast. 

Extracts of the posterior pituitary contain these tw^o s]iecific hormones. 
A highly jiotent j)r(*paration of each of these hormones has b(‘en isolated 
which is contaminated to only a small ext(*nt by the otln*r. In phi/sioJof/iraJ 
concentrations tin* antidiuretic hormone and oxytocin act exclusively on the 
kidney and the uterus (and breast) resjiec.tively. Jn large doses (i.e. far 
larger than are .secreted in the body) the antidiuretic hormone produces 

* In aniphiitia and (iTtaiii fislie,'^ the pars intornicdia forin.s a liorniorH* whiidi expands 
the pigment-IxMiring eelJs (vwlanophorf’s) in the .skin. After hypitphyseirtoiny tlie pigment 
eell.s (‘OTitract and the skin heeom<*.s pale; pituitary extraets eau.se the cells to expand 
and the .skin eouHeipiently darkt'ns. 

- Fisher, Ingrain, and Ran.snn, Diabetes Jnsipiflus and Siuro-honnonat Control of 
Water lialanre, Ann Arbor, ItKJS. Harris, Physiol. Per., 1948, 1119. Stehle, Vitamins 

aiid Hormones, 1949, 7, :i8:i, ;19U. 
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striking' ciniiihitory effects. WhoU ])ost-|)itAiitary extracts also act on smooth 
inusclt^ in many parts of the body. The actions on tlie circulation and smooth 


muscle are purely of pharmaco- 
hjgical and the.ra|)eutic interest 
and do not repr(*se]it funi^tions 
of tlie neural division. 

Actions of Posterior Pitui¬ 
tary Extracts. The ?nain 
actions, as explained above, are 
on (i) the kidney, (ii) tin* ulerns, 
(iii) the ])r(^ast, (iv) the circula¬ 
tion, and (v) smoot h nnisch*. 

(1) Af’TioN ()\ KiDxnv 
(A N TI [ > n ’ ii K 'r ] r Ho ii m o \ k ). 

(i) Iri man on a normal water 
intake the How f)f uriiu* is sli<jhtlv 



(liminished by post-pituitary ex¬ 
tracts (Ki^. 20). 

(ii) The most convincinj; way 
f)f demonstrating the anti<liuretic 
a(*tion is as follows : induce a 


0123456789 

HOURS 

Kio. 20.—lahibitorv Action of l*()s(-pituitary 
Extract, “ Pituitrin,'* on Xonnal IVinarv 
Output in Man. (John Marks, J. PhysioL 
1044.) 


diuresis by drinking a lar^(? 
volume of water; inject ion of 
th(‘ antidiuretic hormone at the 


Slia<l«Kl ami : ranjjjp of hourly onti)ut of urine (in c.c. 

|ior liour) duriuf^ ciontrol period. 

;\t arr()\v : injo<‘t r> iinlt-H of i>ost»Tlor pituitary extracit. 
Xot<Mle<rn•.a^^c in urinary output below control minima. 


heij^ht of tlu' diuresis timiporarily cuts down the How of urim*. to “restin(:ij” 
_ levels. AIttunatively the anti¬ 
diuretic liormone is injected while 
’ / WATER \ ' bein^i drunk; the 

I - / \ - injection then delays for periods 

^ 300 - / \ - be as long as H or H 

/ \ hours th(‘ onset of the usual 

^ / \ A ' diuresis (Fig. 21). 

o 200 - / - (iii) The aiitidiuretit^ hormone 

^ / })robably acts directly on the renal 

^ / tubules stufiidfUing the, renhsorption 

^ too ■/ ^ - of water and so detueasing the 

^ 4'' . voinn..- of urin.. forme.]. The 

--_ ^ __ B hormone in physiological doses has 

° 12 3 elfect ou the renal circulation 

HOURS or in fact on the circulation anv- 


Kkj. 21.--.-\nti<tiun't ir Actiim of Postuitary when*. 

e.xtracts. (Samson Wri^lit) (iv) Deficient secretion of aiiti- 

A. InKivstion <»f 17U(» (.f water .m empty stomach, diuretit! homioiie is resTU»nsiblp 

Tlwn-lsa rapirl onsrt ol <1 inn-sis ; about ItMMi r.r. ' “ iiuiiiiu it. IN KSpoilMOJe 

arc c.xcrctcd in the uriia- in tin- next :> hours. lOI* tiM* dlSCast* kllOWIl HS fJiahe.fe,S 


n. 


Ingestion of liiuo r.r. (pf water t 
iiijt-etion (intraiuii.setilarly) of o 
pitiiit.a.ry «‘Xtraet (aiitiiiiuretie 
Diuresis wa.s del.iyi'ii tor ■( hours. 

(2) Action on rTKitcs 


wliich is clniraeterized 
iiornupiie ADU). bv tlu^ passage of a. very large 
volume of very tlilute urine (p. V.)). 
(OxvTocic .Action). -The elTects of oxvtoeiu 


(h*[)eml on the species ami the state of the uterus. Iji tin* guiin‘a-pig, oxytocin 
contracts the isolatt*d virgin uterus suspendcHl in oxygenated Ringer-Locke 
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solution ; this j)ro|)aration is generally used for the assay of the oxytocic, 
poteiicv of pituitary extracts. In non-pregnant women oxytocin has a feeble 
stimulating action on the uterus during tlie, lirst half of the. menstrual cycle 
and a somewhat more marked eiT(‘ct during the second half; oxytocin 
cannot produce abortion in pregnant w^omen except occasionally late in 
pregnancy when it is administ(‘r(*d combined with quinine and purgatives. 
But during the srroud sfacfe of lahour oxytocin powerfully incr(*ases uterine 
contractions and lielps to cxpt'I the ffotus ; later, it aids the expulsion of 
the placenta. It also stimulates uterine ccrntractions during the puerperium 
(Fig. 22). Oxytocic hormone is probably secreted normally by the neural 
division during labour (]>. J09J). 

(3) Atniox os Hheas'i. -Oxytocin produces contraction of the circularly 

arranged myoe{>ithelium 
w'hich sunoiinds the alveoli 
of the breast, thus ex]>elling 
tin*, (‘ontained milk into tlie 
ducts which are sinuiltane- 
oiisly k(‘pt open by contrac¬ 
tion of their longitudinally 
arranged inyoe])ithelial layer 
(cf. p. 109i). Oxytocin does 
not inc?eas<5 tlu^ amount of 
milk formed, but it hel)>s 
tile ex})ulsion of the Juilk 
whi(*h is already jiresent in 
the breast. 

(I) Ac’I’TON on ( IHOl’LA- 
TioN. - The effects to b(‘ 



Fi«. 22.—Action of rost-pitiiitarv Extrac t (Oxytocin) 
on iluinaii Eterus. (Moir, Kdin. vtc(L »/., Jt)34.) 

KcconI of inovfiDftiits of Iniuinu ufcrnH jit. the <»r On* lirNt 
week of the pnerperimn, nhtaiiied with a haj» iiilrotlneeU 
intii the ijilerinr (»f the uterus. Ordinatt's*-inirsi-iileriue 
pressure in /iirii. ill? ^ Abscissa tinu* in rninufe.s. 'I’iie 
uterus had previousiy In-en (piieseent for a loim tiim?. At 
the arrow*, JO units of posterior pituitary «*.\traet (coii- 
taluiiig oxytocin) were injected, Xote the on.set of 
powwfiil eontraetioiis. 


(h lH‘re and in (o) do 

not nquesent physiologic.al 
actions exerted by the gland 
in the body. 

(i) Haul. -- in animals t.ht* 
rat(‘ of till* heart is dimin- 
ish(*(l, partly n*tlexly owing 
to the rise of blood })re8fture, 


and partly by a direct jieriphcral action : the eifect on the/orcr is variable. 
The coronary arteries are constricted. The hunao heart is slowed ; the effect 


on the force is not known. 


(ii) Blood rc.s.sT/.v.- -The artenolrs in animals are contrac.t(‘(! by a direct 
peripheral action on their walls ; after a variable initial changt*. thi? hJood 
prcssvre rises gradually to a considerabh* height and declines equally slowly. 

In the human subject, subcutaneous or intramuscular injection of 5-10 
units of \)ost-pituitary extract ]»roduces variable effects on the blood pressure. 
The pressure sometimes rises slightly ; much more usually 'a fall is obtained, 
which may be 20 mm. Hg or more in extent. The most marked circulatory 
effect in man is a dirert action, not on t.he arterioles but on tlie mjyillaries, 
which contract vigorously. This observation makes the fall of blood pressure 
particularly (lifficiilt to explain. With Hubcutniwous injections, local pallor 
of the skin results from local active capillary constriction. With intramuscular 
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injections, more generalized capillary constriction occurs aile.cting especially 
the skin of the face (p. 

(5) O'riiKit OiuJANs. Whole post-pituitary extract stiiiinlates smooth 
iniiscle widely t hronjzhoiit the l>ody ; this action is a direct one and is in¬ 
dependent of tin* intejrrity of the mn ve supfily of tin? tissues concern(‘(l. The 
smooth muscle of the bladder and of the small and lar^e intestine is stimulated. 
The actioji on bronchial mus(*le is still in dispute ; probably it is relaxed. 

Nervous Control of Neural Division.—As already mentioned (cf. 
Fig. 17), the neural division receives many iierve fibres (all non-myelinated) 


A B 



Klo. 23.- -I )pgf*neration of Suf)ra()ptioo-l)yf)()|»hysoal Tract after appropriate TTypothalamic 
f^esum. (Fisher, In^rani. arnl ilanson. Diabetes Insipiflvs, Kdwards.) 

A. Sagittal section tlirougti ventral wall of iiifiindibulnr stem of hyjtojdiysls of normal eat stained with 
pyridiue-siiviT to show tin? deniiity «»r the non-niedullated fibres constituting the supraoptieo* 
hypophyseal tract. 

iJ. Section of infundit)ular stem of cat witli i'X|)erimcntnl diahett^s insipidus showing degeneration of the 
fibres of the supraoptico-hypophyseal tract. Only a few abnormiiMookliig fibres have survived. 

from the liypothahimus, (•liielly from the sujmiojttic nucleus and the tuber- 
cinereum. [Some fibres may also ])ass into the pars iritermedia.l The fibres 
are well displayed in Fig. 23, A as th(‘y run through the infundibular stem ; 
in Fig. 24, A they are seen to form a dense j)lexus of filires in the pars nervosa 
itself. If the nerve tracts arc* severed by a suitably })laced huion in the hypo¬ 
thalamus thei^e fibres undt'.rgo degeneration throughout their course : Fig. 23, B 
sliows the disintegration of tlie fibres as they run through the infundibular 
stem ; in Fig. 24, B practically all the nerve fibres in tin* pars nervosa have 
disap[>eared. The neural division also undergoes other important changes: 
it atrophies markedly (Fig. 25) ; tin* pituicytes disajipear : and there is a 
great increase in cellularity (Fig. 24, B) owing to the (levidopment of new 
t issue, the nature* of which is not understood. 

The* secretory activity of tiu' neural division is wholly under nervous control. 
Following the iiervej lesions just mentiont*.el hormeme formation and secretion 
(jeases. Rxtracts of the atrophic denervated gland display no antidiuretic, 
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oxytoric or otlifr {irtivit.y. Tlio denorvation opcratioJi is also followed by 
marked sijxns of functional deficiency, principally those i)( ihahrfrs rnst/ndtis 
aud faihfn> of partarifi(nt (df/storiu) (p. tb). 


A B 



Fig. 24-• Degeneration of Pars ^lervosa in Experimental Diabetes Insipidi s. (Fisher, 
Ingram, and .Paiison, IHohettfi Jnsipains, Kdwards.) 

A. Traiisvers<? section tlirouKh pars iirrvosa of namki'y (in»riiial) showlnu di-nsr jdrxii!' iirin)ii*i 
fibres. 

H. Transverse seetlou through atroplib* pars nervosa of monkey resulting' from liypotlialaniir lesion 
interrupting its nerve supply. (The animal siillered Iroiii <‘xperlmental diaiu-tes insipulu.s.) N»de 
the marke<l hyperrellnlurlt.y. All the nerve tn»res have dlsai>peared exeepi iiiie in the upper Jelt-hand 
corner ot the 'fleM, 1‘yTldine-silver stain. 

It seems strange at first sight that a tissue completely devoid of glandular 
cells should be capable of forming sewral hormones. Put this object ion from 
histology is less disturbing in view of the ndeasc* of s[»(*cilic chemical trans¬ 
mitters at nerve endings which also contain no glandular tissiu'. The neural 



Fig. 2"). (Changes in Pitiiitarv in Experimental Diabete.s lnsi])i(lus. (Fi.sher, Ingram, and 
Hanson, Plabeirs Jnsipidns, Erlwards.) 

Left: Transverse section through norinal hypo|)hysis (cat). Cresyl-violet stain. A — pars anterior; 1 ■ |)ars 
intermedia; N^pars nervosa : - central cavity of pars nervosa. 

Right: Transverse section through hyiMjphysis of cat with cx]>eriinental diabetes insipidus. Note the 
great atrophy of the pars nervosa and its deeper staining, the enlargement of the (‘eiitral cavity, and 
the widening of the interglandular cleft (!.(;.). 


DIAliKTES INSIPIDUS 


iU 

(livision may perliaps lx* r(*«ianl(*<l as «‘«|iiival(*iit to a massive nerve ending 
forming li()rmonf‘s exelusively iimler nervous inflm'iiees : t fiese hormones do 
not act lonilhf (like the usual (*hemi(‘al n(*rve transmitt(‘rs) hut rHtrr ihr hlootf 
sfrraitt and prodmx* vvidc'spread a?id manifold I'lfeefs. 

Relation of Neural Division to Diabetes Insipidus. Diabetes 
insipidus in man is a disease eharaeterized hy an increased urinary output 
which commonly exc(‘eds lo lit n‘s daily: a daily secn*tion of-10 litres has 
lx*(*n reconied. The urine is very dilute* hut contains no ahjjormal con- 
stitmmts. Tin* condition should not h<* confused with <liaherj*s nn*llitu.s, in 
which the polyuria is associate*d wit!) glycosuria. 



DAYS 

Kic. :*(». rriiie rii)\v and Water Intake in Kxperiniefital Dialndes liisij>iilns resnltirijr 
IVtnn a lesi«m oJllie I fv pot ha lam us. (Fislier. In^zrain, and Kansort, J tusi 

KdwaF<ls liros. Inc., Ann Arhor, Mi<hitran, MKtS.) 

Ordinate leinen nt.s daily urinary ontpnt and <laii\ water intake in <'.e. 

Curves sliawin^r urine output teontiinnui^ line) and Iluid intake (dotted line) in tyjiieal e\periineiita 
«iialH‘tet: insipidus in tlie lat. Op time of operation. .\ot(' initial traii>ient polyuria, return ,tt» 
normal (to^ietlier formiiu' tin* latent perio«l», Ddlowed by onset oi lastinir polyuria (tlrst inverted arrow ) 
and persistent exeessive iluid intake or polydipsia (sf-eond iinerted arrow). The permanent polyuria 
sets in about one day belore tlie cuiset of the polydijisia. 

Kxpkuimkntal Diahktfs Ixsiriors.This condition develojis in cuts 
and monkeys when lesions art* produced in the liypothalamus interrupting 
hilaterallv the pathways from the supraojttie nnelei to the pituitary. Ihii- 
laterai lesions, or injuries which spare tliese tracts, do not jzive rise to polyuria,. 
Tilt* severity of the symptoms is proportional to the eom})letem*ss of destrue- 
tiou of the r(*levant nerve til)res. 

The normal daily urinary secretion in a eat is about 100 e.e. Following 
an ap})ropria.tely placed lesion there is (i) an initial transi(*nt ])olyuria (lastinfr 
about 5 days), (i’i) follow^ed by the return of the urinary flow’ to its pr<*-operat ion 
level : the ineehanism of these two phases is not und(*rstood : (ii) after 10 N 
days a lasting' ]>olyuria develops, tin* so-called iH'rwanvnt phast' of (liahetes 
insipidus, wdiich is'due essentially to lack of antidiiiretie hormone (Kij?. 20) : 
the urinary outjiut may tln*n be-loO c.c. daily. Owinjr to tlie polyuria great 
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thirst develo})S whicli loads to in^yestion oflartje (jnarititios of wator (f)o]ydi}j.sia) 
to mako ^rood tho water balaiiec of the body. The (‘Xj)erimonta] state oi 
diabetes insipidus persists witli (luetuations for inoiitlis : liad the animals 
be<*n alhuved tt) survive the condition niif^lit liavt‘ eontinii(‘d indetinitely. 

Mkchaxjsm of Pfumaxknt Pola (TRrA.--The jiolyuria is due to lad' of 
antidiuretic hormortCy associated with the. j)rescuce of an intact anterior lobe. 
Lack of antidiuretic hormone prevents adequate reabsorption ol water in 
the renal tubules. The evidtuice is as follows : 

(i) It has already been jiointed out that the. lu'ural division after section 
of its nerve supply is (u) atrophic (Fig. 25), and (b) devoid of its usual store 
of hormones. Like the adrenal medulla, the neural division only forms its 
hormones or seeret(‘s them wh(*n its nerve supply is intact. 



FlO. 27. Treatment of Clinical Diabetes Insipidus with Posterior IMtiiitary Kxtraet. 

(After Christian, from Cushny, iSt'crcfion of thine. Longmans, (in‘en iV (Jo., lU2(i.) 

Ordinate : Daily volunu: of urine in child with diabetes insipidus. Al>seissu : Tinu' in days. 

DuriuK the perio<l indicated ’‘pituitrln ” wa.si njected siibcutiincously, at first c.c. thrice daily, later 

0 0.5 c.c. twice daiJ>'. The average volume of urine fell from 6 litres to 2-.') litres daily and rose uftaiii 

when treatment was discontinued. 

(ii) Removal of the posterior lobe should on this theory regularly produ(!e 
diabetes insi})idus ; actually. ])olyuria commonly occurs hut not invariably. 
The reasons for the exceptions an* tw'ofold : (a) removal of the f)ars nervosa 
still leaves behind histologically identical tissue in the infundibular stem and 
the median eminence ; tlie persistence of as little as 5';,, of the tissue of the 
neural division can maintain the resting urinary output wdthin normal limits. 
(b) The operation may involve coincident damage to the anterior lobe or 
interference wdth its blood supply. 

(iii) Clinicallif. diabetes iusi]>idus occurs with lesions of the posterior lobe, 
but only when the anterior lobe is intact wholly or partially. In one cas(i of 
posterior lobe tumour the polyuria diminished as the disease ])rogre8sively 
encroached on the anterior IoIm*. 

(iv) Total hyjmphysectojny does not cause diabet(»s insipidus ; on the 
contrary the diuresis following water drinking betiomes markedly delayed, 
the excess water being excreted in 24 (instead of 5) hours. 

(v) The ])olyuria of both experiiiie.ntal and clinh^al diabetes insipidus 
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(■ail he r«tinplet,(‘ly eoiitrolled hy suitalile doses of [losterior lohe extracts 
(aiitidiiirotic liorfnonc) (Kif:. 27). 

Clinical dialx'tcs insipidus is Jik<*wisc due to Jack of* antidiurctic hormone 
resulting from (i) injury or disease of the secreting tissue (z.c. the neural 
division and esfiecially th(‘ pars nervosa) or (ii) from de^etjeration and 
cessation of fictivitv of this tissue as a result of cutting off its nervous 
control from the hv])othalainus (»\vingto suital)ly situated lesions in that region. 

Role of Antenor Pif uUory.- - The relationship of the anterior pituitary to the 
kidney is ol)S(Uire. Following total hypo])h vs(‘ctoiny (in dogs) glomerular filtra¬ 
tion rate, r(*nal j)lasma ilowand maximal <iiodrast (»x(Tetion are all inarki^dly n*- 
d U(jed and waiiu- diuresis is delayed ^ (cf. ]>. 93( t). Some concl ude that the anterior 
lolie secn*t(‘s an unidentified (Huretic liormom*; others suggest the antiTior lobe 
acts mor(‘. indirectly by its comfih^x effects on giuieral metabolic processt*.s. 
Injection of jujre ACITH (p. 9b4), however, caus(‘s water and salt- r(‘teiition. 

Role oj ThffroHl .—'Phe thyroid gland may also be related to the disease. 
I'hyroidectorn}' reduces the urinary flow in diab(*.tcs insipidus, though not 
to the pre-operativ(‘ lev(‘l. If thyroid extract is then administ(*nM] tlu^ urinary 
How increasiis (mormously and may persist at a high (though not at the peak) 
h‘V(*l for a long tiim^ after the extrai^t is discontinmd. Thyroid ext ract has a 
diuretic action in normal subject;s ; the urinary flow is diminisluMl in iiiyxre- 
dema. All these obsiuvations indicat(‘ that the thyroid may influence renal 
secretion, probably not directly by an action on. the kidney, but through its 
influence on metabolic proc(‘sst‘s in general. 

Role of Atitidniret(c Jlonnone in. Tuhnhir Renbsorpflon. -The facts set 
out abovii show that the antidiuretic hormone is resp()n.sible for only a 
portion and not the whoh; of the reabsorptioii of water in the renal tubules. 
Thus in man about 170 litres of cafisular Huid are normally filtenul out from 
the glomeruli in 24 hours, of which l(kS*r> litres are reabsorlied into th(‘ blood 
and I-;") litres esca[)e as urine (cT. ]>. 2-'^). The maximum urinary out])ut 
in the most severe cases of diabetes insipidus is aliout 40 litres, indicating 
that about l‘iO litres of water are still reabsorbed. Similar rc^sults are also 
obtained in tin* experimental disease. 

Regulation of Secretion of Antidiuretic Hormone (ADH).‘“ —The 
secretion of this hormone is regulated - 

(i) By the entoiionul state : exercise, ang<*r, f(*ar, and nocuous afferent 
stimulation incn;as(* the secr<*tion of A 1)11. 

(ii) Mainly by the rri/sfalloifl osfnoHv 'pre^sstne of the plasma. (Hianges in 
this osmotic pressure s])ecifically affect sensitive receptors (osworecepfors) 
lying in tlu^ distribution of the internal carotid artery ; from thesis recepf-ors 
impulses pass uj) t<» tlu' hypothalamus and thence to the neural division 
modifying the secretion of ADH. Increased osmotic pr(‘ssnre (i.c. hyper- 
tonicity of tile plasma) increases, and decreased osmotic pressure (i,e, hypo- 
tonicity of the f)lasma) decreases the. secretion of ADH. 

Tn the (»x[)erimental study of the faetors controlling the secretion of 
antidiuretic hormone, its release is demonstrated and the amount is assayed 
by the effect produced on a. iHtchjrouml of dinrc^ais induced by water drinking. 
The expmimental findings a,re re.viewed in detail below. 

' Pickfonl and Watt, J. Kndrocin., 1950, 6\ im. 

“ Verney, I*roc.. roy. Soc. B,, 1947, 135, 25. O’Cniinnr, Quart. J. vxp. Vhysiol., 1950, 
30 , 21. ■ 



SECRKTIONT OK ANTIDIKUETIC HORMONE (AI)H) 
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Imo. 2S. Lllcct of l^xrrcisf on I’low nl (I>o^). |\ Lduvtl, IlMfi, ii. 740.) 

Curvo : At O, iulmiiiist. r :i:»o c.r. of wjHtT h\ imuith. Ni»tf tin* rcsuithiii Hiiirrsis 
I'Jirvn H: J{(‘p*‘iir \v;H«*r (Iriukiny, hut duriim A arrows) tin* aiiiiual . arricd (uit *• statnmary ninniiij: " 

uu a |•latt'o^l^ at ti inilrs per hour. Not** tin* traiish'iit i(ihil>iliou f>t' tin* iliuri’.-iis. 
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Flo. ’JJt. F/f'(*c( i)f‘ Kitiolioii ccMnpan'ft with that of IiijcrfiiMi of Anfitiinrftic Jloriiionc 
«)ii Finw of rriiic. (Dog). (N’cTiirv, f^anrrt, ]94<), ii, 74.4.) 

I.oth ki(lui*ys and tli<- l«>rt admial had hem dpiirrvatcd and tin* ri^ht adri'iial n ninvi-d. 

('nr^^‘s <■ and I» show thr diurofii* rnsponsn to wati-r drinkiim at (>. 

At tin* arrow 1 '. on <*ur\ c ( . r» • 10 ■» <*.<•. of post-pitnitary rxtr.-o-t (to units r.c.) wm* injrrtrd intnivrnonslv 
Notf tin* antidiiirrtic **ll>*ct. ‘ * 

Durint; tin* doulih* arrows tuarkcd A on i iirxa- I) tin- aniinal was aiu'crcd hy noise. Note the reinarkatile 
similarity of the resnitinu'anlidiiiretie eMeef with tliaf finidiieed ity |tost-pitiiitarv extract. 

At the arrows a. /;. r. d. samples of urine wen* l•l^lll*ete^^ and analy.se<l with the following results : 

; a ' h ! r i ,/ i 
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Lrinary Nat'l and t. rinary .\ are expressed as nitr. per HMl e.e. of urine. tin* dilution of the urine 

at the height of the diun-sis (i.e. sample h) and with the return of the diuresis (sample d). 





SK( RETIONT OF AVTIDrORETIC IlORMOXE (ADU) 5*3 

1. Effoct of Emotiona.1 States and Exercise.- If ('xor(‘is(‘ is 

out fit tlio li«‘ij^}it of wutiT <liiirt*sis tlu* flow of urine is temponirilv cut down 
(Fi^^ 2S). 1 his anti(liun‘ti(' eilect is still ohi.ained in animals after s(‘verine 

t he syinpal Ind ie supply to I he kitineys and <lener\'at in^ t he adrenals (Ki;;. 2!)) : 
it is thus not due to reducfd renal hlood flow resulting from svnipatheti(* 
overaetivity or adrenaline s(‘er(‘tion ; in faet, direct ineasiireimMit shows that 
no decrease in nmal hlood flow tak(^s place. Idle antidiuretic (dfect is not 
due directly to tlu‘ muscular activity, because if the animal is repeatedly 
exercised the aiitidiuretic idl'cct dwindles and is finally extin<ruished. The 
efl(‘ct. is due to th(‘ cmoftonal ooncAnnitant of the exmcise ; a similar anti- 
diuret.ie action is readily produced 
hy f(‘ar, aiii^er, or nocuous stimula¬ 
tion. The following ohsiu'vations 
sliow that the antidiun*tic effect 
in these circumstances is due to 
reh‘ase of .\Dll : 

(i) An exactly similar idfect in 
t'Xtent and tinu' coursi* (‘an he 
produced hy inj(*ctin^ an appro- 
priati* dos(* of A Dll ; this amount 
is lU’esuniahly e(jual to the (piantity 
released hy tin* ^dand in tin* <‘x- 
jierinieiital procedure (Fi^. 2d). 

(ii) ddie antidiun‘tic respons(‘ 
produc(‘d hy emotional dist urhan(*(‘ 
is dimiiiished hy removal of the 
lUMiral division to an extent wliicli 
is proportional to the amount 
of neural tissue nmioved. After 
removal of tin* post('rior lohe 
only (in tin* cat) tlu' n*sponse 
is cut down to l<f\, <»r le.ss, th(‘ 
small eff(*ct that is still obtained 
lieinj^ due to persisteiici* of tlie 
infundihular stalk and the median 
emiiumce. 

Emotional stat(>s or nocuous stimulation pn‘sumahly act on tli(‘ neural 
division via tin* hvpothalamic nuclei (ct. p. Tin* valin* to the orpinism 

of the antidiuretic response is not clear, hut it would tend to conserve water 
in stat<‘s (d* stress and danger. 

2. Effect of Changes in Plasma Crystalloid Osmotic Pressure. 

(1) Effects of H.aiseo Osmotic Pkesscrk.--I njection into the carotid 
arterv of a hypertonic NaCl solution produces an immediat(‘ antidiuretic 
respiinst* (Fi^. 30) ; usinjz the nu^thods described above, it can la' shown to 
he due to n*Iease of ADH. The effective stimulus is the increas(‘ in the 
crystalloid osmotic pressure of the (carotid) arterial ))lood. Thus ; 

(i) Solutions of NaCl, NajjSO^, or sucrose of e(|ual osmolar concentration 
produce effects of ecpial mai^nitude. 

(ii) Tin* amount of ADH releas(*d is directly ])ro})ortional to the deirn^e 
of hy])er1onicit v induced in the carotid l>lood. 



TIME (minutes) 

rio. ’10. Efft'cl of Iritra-arfrrial injoefiou (»f 
Hypertonic ,Na(M Solutirm on Ftiw ot 
rriiK*. (I)o^.) (Wrnt'N, /Vor. nnf Sar. H,, 
IIMT, //t>, r>U.} 

Tlir al»sclss:i slmws tiiiir in niinutcs :ilti r <lrinkini: a 
rest ot untor which imliiccil «liiirc,'«i>. 

Inject at aiTiiw. Itc.) I’.c. nl' hypcrtunic saline 

NaCl, /./*. l-.'i",, Nad) inin Uic distal end dI tin- 
carotid arler\. Note tin* inmicdiate inhihition of the 
diuresis t.iwinj: tn seereiioii oC antidiiirelie hornuine. 




5 i SKCRKTTON OF ANTI DIURETIC HORMONE (ADH) 

W'lJiey attributes tl\e T(*suJts to stinnilation of s|)eciti(i osniorevcplors : 
these a]<* as yet uiideinonstrateil receptors (and therefore of unknown striu*- 
ture) wliicdi are believed to be s])eeifically sensitive to changes in the crystalloid 
osmotic ])ressure. Tin* osmoreceptors set uj» impulses wdiich reflexly act on. 
the hypotlialajnus and so oji the neural division. The osin()re(*ej)tors do not 
lie in the carotid body they are not identical with tlie chemorece])tor.s 
(p. 738), but are juobably distributed soinewhtin^ in tlie vascular bed of the 
intenial carotid artery. It is .a little dangerous to speculate about the mode 
of stimulation of histologically unidentified receptors, but the following 
plausible suggestions may be made. It is supf)osed that the osmorec<‘ptors 
are surrounded by a nuunbrane which is relatively or absolutely im]>ermeable 
to Na"^, or, SOj" or sueros(\ Injection of these substama^s into the blood 
raises the plasma osmotic j)ressure ; as these substances cannot penetrate 
into the osmoreceptors a difienuice of osmotic pressure is established betw^een 
the plasma and the osmorecej)tors. Water is withdrawn from the latter and 
the resulting local rise of osmotic^ ju-easure is the ellective stimulus to the 
sensory nerve e7idings. A rise of plasma osmotic pressure resulting from excess 
of a substance to wliicli the membrane is partly or wholly ]>ermeable w^ould 
have less or no etfect, l)ecause the substance would travers(j the membrane 
and equalizt* the osmotic ])ressure oii th(‘, 1 wo sides. It is found experiimuitally 
that intracarotid injection of a strong urra solution produces no antidiuretic 
effect; injection of an (Hpiiosmotic (flucose solution releases l(*.ss ADH than 
does a MaCl solution. The osmoreceptor membranes are thiu(dore presunuid 
to be fr(‘(dy and (piickly permeable to urea but less rapidly and readily per- 
nn*able to glucose. The osinorecreptors respond st(‘a(lily (as judged by release 
of ADIJ) to a increase of osmotic pn‘ssure for a fuTiod of at l(‘ast 

•10 min. ; i.r. they iidajit (accommodate) slowly (cf. j>. 550). 

Thti physiological significarua* of thes(‘ observations is clc‘ar. Normally a 
rise of crystalloid osmotic pn^ssure might be du(‘ to (a) wattu* def)rivation, (6) 
simple salt (Na*, (T) excess, (c) excess of some other solutes (c.r/. urea, glucose). 

(i) Jn the case of imter deprivalion, ndease of ADH cuts down the flow 
of urine to the obligatory minimum (cf. p. 30), thus conserving water and 
so tending to ju’tiserve the normal plasma osmotic ])r(*ssure. 

(ii) In conditions of salf excess^ though the NaCU out[)Ut in the urine 
increases greatly, the urine flow increases only moderately (j). (>2) ; in(T(*.ased 
secretion of ADH may be reducing the ‘' tubule diur(*sis " that the excess 
Na(ll in tlie urine would otherwist* produce. Any water drunk subsequently 
is mainly initially retained (again possil»ly by the action of ADH), although 
it increases the volume of the bo<ly fluids ; it hel])s, however, to lower tin*, 
crystalloid o.p. towards normal. 

The osmoreceptors do not respond to intracarotid injection of an isotonic salt 
solution, thougli it increases the plasma volume and dilutes the plasma proteins. 
It is interesting that the osmoreceptors respond with maximal sejisitivity to the 
two principal ‘structuiar’ ions of extracellular fluid, namely Na+and CT. 

(iii) (a) \\i increas(* of blood urea normally leads to ineniaaed urea 
secretion by the kidneys ; the elimination of urea is facilitated by an increase 
in urine volume and is correspondingly hampered by a decrease in urine 
volume. The non-responsiveness of the osmoreceptors to raised blood urea 
means that they will not hamperurea exenition by decreasing the 
secretion of urine via the release of ADH. 
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(h) An increase of blood sw/ar such as occurs normally after meals docs 
not call for any urinary adjustment as glucose (unlike Na+, Cl') is normally 
metabolized and so got rid of. In diabetc^s mellitus there is a sustained rise 
of blood sugar ; the kidney responds by excretion of sugar in tin* urine (glyco¬ 
suria) which is facilitated by a })olyuria. The comparative insensitivity of 
the osmoreceptors to raised blood sugar means that ADH will not interfere 
much with the polyuria of diabetes mellitus (p. 921). 

(2) ?]ffi^cts of Lowkket) Osmotic^ Phessi ue. -(i) It is reasonable to 
siipj)ose that a decrease of crystalloid osfnotic pressure, i.e. dilution of the plasma, 
would reHexly decrease or arrest secretion of ADH. The enormous diuresis 
which occurs after water drinking (aiul which is associated witli a detectable 
decrease in crystalloid osmotic pressuni) can be most readily account(id for 
on these liiujs; l,e. water diuresis is a transient state of diabetes insipidus (p. 58). 

(ii) Simple salt deprioa/wu leads to dilution of the blood but not to a 
diuresis (j). 05). It seems possibh* that when tin? Na ‘ and ( '1' change 
develo])s very gradually the osmoreceptors do become ada[)ted and no 
longer res|)ond in their normal manner. Wlien in caises of simple salt lack 
water is administered (and a sudden further osmotic changes is ])ro(lucetl in 
the blood) tlie osmore<‘ej>tors do respond but inadequately as judged by the 
delayed and <lrawji out water diure.sis (Fig. 11). 

(haNiCAL Tests of Hyi'uthal.vmo-Hyfophvseal Function.^ — .A 
secretion of aiitidiuretic hormom* resulting from stimulation of the hypo- 
thalamo-hypophyseal mechanism can be produ(‘ed clinically in the following 
ways : (i) by smoking one or two cigarettes or injection of nicotine ; (ii) by 
injection of acetylcholine ; (iii) by large intravenous infusions of hypt^tonic. 
saline. If these j)rocedures do not j>roduce an initial falling off in an inducfMl 
wat<*r diuresis or tlo not temporarily diminish a clinical ])olyuria there, is some, 
abnorinality present in the nervous control of the post-pituitary or so]]ie 
abnormality in the post-pituitary itself. Clhiieal imlyuria of liypothalarno- 
byj>o])byseal origin can thus be di.stinguished from polyurias due to other 
causes. 

RE(iULATi()X OF OxYTot'Jx Secketiois. (i) There is evidence that 
stimulation of the byj)t)thalamus e.an elicit a secretion of oxytocin. 

(ii) The act of sm^kling probably ndh'.xly causes a discliarge of oxytoein 
wliich helps tlui expulsion of milk from the breast (p. 1091). 

(iii) The possible release of o.xytociii at term and its roh*. in parturition 
are considered on p. 1091. 

(iv) No functioji has yet been assigned to tJie oxytocin which is fu*esent 
in the male pituitary in the same concentration as in the female. 


effects of WATER AND SALT EXCESS AND LACK. REOULATION 
OF WATER BALANCE AND COMPOSITION OF BODY 
FLUIDS BY KIDNEY ^ 

Effect of Water Drinking: Water Diuresis. -If 1 2 litres of water 
are drunk, particularly on aJi empty stomach, absor]>tion takes plaxie rapidly 

^ Chalmers and Lewis, Cdin, ScL, 1951, 10^ 127, 137. 

Gamble, ExiraceMnlar Fluid, Harvard, 1949. Marriott., BriL mM. 1947, i, 24 
285, 328. 



ErFFXTS OF WATER DRINKINt; 


5 (> 

Irom tlie iiitestiiio. Tlio passajj^i* ol* wat<‘r into tlu* blood leads to a 
dilution of the plasma and a d(‘erease of its crystalloid osmotic pressure* of 
up te) (/.c. corresp>mdinfj tn a decrease of concemtration of about 10 rnilli- 
osmoles ]j (Fi^. 32) ; tin* |)lasma volume increases slightly as shown by a fall 
of red ce*ll luematocril value of the same order. The chaiif^e in plasma volume 
is comparatively slight because : (i) the. excess water is distributed throughout 
the extra.(‘ellular and intracellular Iluid ; (ii) tln‘re is increased se(n-etion of 
urim* by the kidneys. 

(1) Body Fh id (3iax(;ks. The trivijd <lilution of the |)lasma proteins 
decreases tlieir «»smotic pn'ssure to a negligible extent (c.//. from 25 to 
24 mm. Hg) ; likewise no significant rise occurs in tlu* capillary blood 
pressure. The flow of water out of the blootl vessels is the result of the 
decreased crf/stallnitf osmotic pre.ssiire of the plasma . 

(i) The crystalloid o.]>. of the interstitial fluid is higher than the reduci‘d 


I-n 



Kig. 31. KIVects of Water Drinkin^^ nii N’uluint* nf Kxtraeellular and IntraeeUular Kluid 
and on Electrolyte (‘oncentrations. 

I.i n-hiiiid box ; Total !in*iis (if Icft-liaml iMilumn !•: and of rlirlit-haml colimin 1 n-piTsiMit iiillial (normal) 
volume of cxtrarvllular uiut intracellular fluid. Stippled urea .Na and (dear area K repo'sent initial 
(imrmal) eomamtr.ition of Xa‘ in extracellular fluid and of K in intrae»dliilar fluid. 

Middle box : SIkavm imnmdiate effect of water drinkim;, /.e, an increase iu tlu' voliinar of extraeidlular 
fluid (left-hand eolumn 10) and a deerestse in extracellular Xa eoneiuitration (stippled area. Xa). 
Hiuht-liatid box : Shows secondary tiow of fluid from extracellular compartment K itifo the intracellular 
iiiiid corn[)artm(‘nf 1. Tin* volunu' of lioth compartmciits is iiuTcased and tlu' ionic c(.>iiccntra(ion 
(of Na ill K, and of K in I) is decreased. 

o.p. of tin* ])lasmn ; water i.s therefore sucked out from the plasma intfi 
the interstitial spaces. (Electndytes simultaneously diffuse in I,hi* other 
direction, i,e. from the interstitial Iluid into the plasma, but tin* rati* of 
movement of tin* water in the. opposite direction is faster afid more important.) 
.At eijuilibrium the volunn^ of both plasma ami intmstitial fluid is increased 
and both tliiids have an identical but lower crystalloid o.p. (Fig. 31). 

(ii) Tin* pro[K*rties of cell membranes discussed on p. 7 must now be 
recalled. It was pointed out there, that although the membranes fire 
permeable, to Na* and (T, when these ions penetrate the. cell from the extra- 
eellular tliiid tiiey are aetively expelled by the cell. Simihirly, although 
the cell memffrain* is |)ermeable to K the normal ])hysi(uil conditions in tin* 
cell are such that K ^ is retained in the cell by the “ non-pi*in*trating ’ anions, 
/.c. prot(*iiiate aiid organic jihosphatc. There is, thus, jiormally, no //W 
movement of Na‘, K’, or (3' tlirough the membrane. In this .sense tin* 
membrane can be described as “ imf)crmcabh* ” to tln*s(‘ ions. When 
“ imp(*rm(‘al>l(* ' is used in the following diseii.ssion it has this m(*auing.* 

The crystalloid o.p. of the intracellular fluid is flow higher than that 

' “ t’//inij)ortan1, of <M)iirsc, I nieaiit," the* King hastily .said, and went, on to hini.self 
in sin undertone. ” important—iiniinpprtant unimportant im])ortant’* sis if lie were 
trying whicii word sounded hest. 






RENAL (ir an(;es after water drinking 
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in tli(‘ oxtTficollular Huid (instead nf l»oin^, as normally, tlio sann*). As t-lif* 
roll inoinhranos boliavo as though they won* impormoahlo to olootrolytos. 
no n(*t difTiision of tlies(* substanoos out of tbo (‘oils into tbo interstitial ihiid 
ran occur. Owin^ to the bibber o.p. of tbo intrac<*llular fluid water is sucked 
froiti the int(;rstitial fluid into the cells (Fi<r. 31). 

(iii) Finally tbo vadunu* of alJ the compartments of body water is increased 
to tin* same slight d(*»^roe, and all tin* body fluids bav(* an idcmtical Imt .slijrhtly 
lowered crystalloid o.p. Wen^ there no kidney response the result would lx* 
that inst(*ad of the 2 L of wat(u* that were absorlad boin»j[ stored (*x(*lusively in 
tbo })lasrna, increasinj^ its vohnrie from 3*0 to 5*5 ij (ij\ by the w^•lter 

is distributed tbroufjb the entire 50 L of body water, increasing its volume 
to 52 L, or by ; tin* plasma voliiim^ is likewise increased only by 
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Kic. 32. (Iwmjics in TriiK* Volunieaiul Plasma ^V;//.s‘/a//o(V/ Osniotic Pressure after Drinkin;^ 
1(MM) «»t Water in M.an. (After Itakk's aiul Smirk, J. t*hi/siol.y 1U3I, S’J.) 

Criiir voliiiiic in r.c. prr hniir. <in »T\st;illnid esniutic pressure in inilliosnioles ]ier litre. 

The niaxiinal tail in plasni;i erystalloiil (isniotie pressnn’ is aiiont in niilliostnoles jH-r h. The dilution 
of the plasnia precedes hy alamt ! '> nuinitesthe on.^et of diuresis. 

Similarly, instead of the crystalloid o.p. of tlu* plasma bein^ n*duc(*d by 
it falls ordy by P',,. 

(2) Kkxal (■nA.\c;KS. The kidm*ys coim* into action Jifter a latent 
jM*riod of 15 30 minutes (Fiji. 32) ; the flow of urine rises (from the resting ” 
valm* of 50 c.c. per hour) to its ])eak diirinjz the second liour wlieu a maximum 
cxcretorv rate up to 1300 c.c. per hour may be attained ; tin* diuresis declines 
and is usually over in 3 hours by which time the excess urinary output has 
about etpialled the excess fluid intake. Kven 5 litirs of water drunk during 
2 hours may be eliminated in 1 5 hours. 

As the volmne of urine increases, its specific gravity falls, ejj. to 1001 ; 
there may be a slight total increased I'xcretion of Na(Jl and ur(‘a during tin* 
diuresis, thougli the percentage concentration is v(‘rv low. This initial 
washing out of solids is compensated for by a lessened rate of excretion after 
the diuresis is over. Tin* point to einphasi/a*, howev(‘r, is that the kidney 
responds selectively by an enormous increase in w^at(*.r output wdth little 
associated loss of solids. The changes in renal dynamics arc^ illustrat(Ml in 
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WATER INTOXIC ATION 


Fig. 33. Then* is no increase in reiuil blood How ; there Is no incrf^ase in i he 
volume of gloiiKniilar filtrate (‘xct*j)t when the voliiim* of urint* t‘xe(*efls 1)00 c.c. 
per hour; it is qliit^^ (jle.ar therefore that tlje diuresis is due to dccrcascii 
redhsorphon of water htj the renal tahnles. A urinai y output of IKXf (;.c. per 
hour (- 15 c.c. per minute) means that of every 120 e.e. of glomerular filtrate, 
K)5 c.c. arc reabsorbed ajid 15 c.c. alIo\ved to e.s(*ape. TIui level of diuresis is 
of the same order of magnitude as that seen in clinical diabet(‘s insipidus ; 
water diuresis is ])ro))ably due to temporary inhibitiou of tlie secretion of 



I'lO. 33.—Effect of Water Drinking on Eenal Dynamics, ((’hassis rf a/., 

J, din. Jnvestig., 1938, 17, 984.) 

Diodraat*-: plasma cllodrast clearance =-renal plasma flow (in c.c./min.) (s*‘mi- 
luKarithmic scale). 

Jnnliii - iiiiilin clearance- vdlunie of Klomenilar flltrate (in c.c./'mfn.). 

h'lltr. nitration fraction »= i^lonicnilar lUtrale/reiiaJ plasma flow. 

L rinc/inin.: In c.c. 

.At tJii; .arrows loou c.c. (»f water iJrnnk in four U.'iO-c.c, portions. J»otc that there Is 
no sijiuilicjint chaiijic in renal plasma flow, v<»liime oI jilomeTnlar liltrale or nitra¬ 
tion fracthm. The urimt volume inercasc.s to a peak of 11 c.c./min. from a 
** njstluy ” value of 2 c.c./mhi. 

tlic antidiuretie liormone of the pituitary (p. 55) rtdlcxly from the osmo¬ 
receptors. It will be noted (Fig. 32) that the dilution of the |)lasina ])re(redes 
the onset of diuresis. During this period it may ])e su]>fK)sed tliat the. circulat¬ 
ing ADH is being dt'stroyed and that no fresh ADIl is being secreted ; as the 
blood ADH level falls diuresis sets in. 

Ether amestliesia inhibits water diun*.sis jierhaps by depressing tlie central 
mu*V()Us elements involved. 

Water Intoxication. —In extreme cireumstanc.(‘s gniat and harmful 
water retention may occur. Fatients with diabetes insipidus (p. 49) drink 
(and excrete) eiiorinous amounts of w^ater daily, uj) to 20 or even 40 L per 
day. If the flow of urine is restored to normal limits hy inj(»ction of anti- 
diuretic (post-]>ituitary) hormone without correspondim/ Unntation of water 
intake, g^av(^ symptoms develop, ejf. h<*.a(laciR*, nausea, asthenia, and inco¬ 
ordination of Tnovemeiil,, attributable to a great increase in the volume of all 
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the body fluids and a. decrease ai their crystalloid osmotic pressure. The 
condition has l)een re[)roduced e.xperi men tally. If very large amounts of 
water are given by stomach tube to normal dogs, retching, vomiting, and 
violent convulsions (n^semljling those of strychnine fxhsoning) occur at 
intervals, alternating with ast henia and coma, i)(iat}i may take place in coma 
or in convulsions. If the water administration is stopped in time the animal 
may recover completely in a few hours. A condition of subacute poisoning can 
be induc(ui in rabbits by giving daily, over a long ])criod, an amount of 
water equal to the body wctght. As expticted (p. 128), there* is a>dema of 
the brain and a ris(*. in the intracranial pressuni. F^ost-mortem no structural 
changes are s(Xin ; tin* changes in the crystalloid o.p. in all the tissues plus 
the direct etfect of the raised intracranial ]>ressure on the brain accounts for 



Fkj. ,‘14. Circulatory KUccts of Intravenous Injection of Isotonic Saline in Normal Man 
in Supine Position. (McMichael and SliarpcV'ScJiaier, Brii. Jleart ,/., 1!)44, 6‘, 7.) 

K.A.P. : riKht Jiiiricular jircssunr in <*in. t>aliuo (antRrior j)Osti;jior suri'aci} (»r thorax), rocordctl hy 
<‘atliPtcr in rijilit aurirlp conncrtpil to inanoinotor. 

C.O. ; cunliur output (in litro ja r ininuU') rrnmlrtl hy ilirrct I'irk nipttiod (cl. j». 270). Citiures on cardiac 
output curve- heart rate per minute. 

Inject 1630 «-.c. ol' isotonic .saline intravcnoii.sly in 2:{ numit»*j». Xofi* rise of riplit auricular pn?!isurc, 
iiH;rea»c. in licart rale iviMions rcllcx) and incrca.sf in canliac output. .soon as tlie injection is 
stopped, the projircbsivc liutllow ot Huline Iroin the circulation leads to a lall in right uiiriuiiltir priis.siirc 
and in cardiac output. 

most of the symptoms mentioned. Tliese observations are important in 
relation to the interpretation of tiu^ syni])toms of urtemia (cf. p. 77). 

Effects of Injection or Ingestion of Saline Solution or Salt.—• 
The cx(*.ess sodium cliloride diffuses uniformly throughout the extracellular 
fluid; 7W7ie penetrates into the intracellular JIuhI. Tln‘ follovying procedures 
will be consiilered : 

(i) llaj)id int nivenous injei'tion of isotonic saline. 

(ii) Slow, very large, isotonic saline infusions. 

(iii) Ingestion of isotonic saline. 

(iv) Ingestion of excess salt (Na(^l). 

(v) Adininistratiou of liypotojiic or Jiyj)crtonic saline (j)p. 121), 127). 

Intravenous Injection of Isotonic Sodium Chloride Solutions.— 

(1) Vaspulak (biAN(JKS. AVlieii very fast rates of injection are e,mf)loycd the 
circulatory changes are very striking. On injecting ItidO c.c. in 21 minutes 
(Fig. 31) the right auricular ])ressure rises, ejf. from 12*0 to 19 cm. saline 




60 EFFECTS OF INTRAVENOUS SALINE INJECTION 

owing to eTigofgeiiii'iil. of the vt'iions si(l<* of t he eireulfition : the heart rate 
is increased, c.//. from 72 to 88 l)(‘ats per iiiiiiute owing to tlie action oi the 
Hainhridge reflex (p. 278) : t he incr(‘as(Hl venous ndiirn |)rodiices an increased 
cardiac output, c,//. from '1-5 to 8-5 litres jier minute, re]>resenting an incn*nse 
ill the output ]>er beat from (JO c.c. to nearly KHJ c.c. The arterial blood 
])ressnre tem])orarily rises. The excess iluid is first accommodated in the 
easily distensible veins ; there is a rise of general venous pressure and 
capillary blood pressun’s corn'sponding to the* rise of right auricular ])ressure. 
The rise of the filtering force in the ca]ullaries drives fluid out of these vessels 
into the tissue s|)aces. At the same time, the ])roteins of the plasma an* 
diluted and consequently their osmotic pressure is reduced (p. lo) ; the 
})ower of the blood to retain fluid is diminished and so (*xudation occurs into 
the tissue spaces (cf. }». 18). As tin* crystalloid o.|>. of the extracellular fluid is 



,‘{5. Etlect of Jnje<;tio?i or Ingestion of Isotonic S.-dinc on N’olurm* and (.'oniposilion 
of E.xtraceiiuJar and lntrac('llular Kluids. 

J.rrt-hari<] Ik).\ : 7'oft// ao’jis of' rohiiini.^ K and T represent tlie t(dul volume of extraeidliilar and intra- 
eelliilar fluid. Ueijiht of anas Na. K, rej»r*‘sents the ronrentrathm of .Na’ and K ’. 

Itijrht'liaiKl box ; After in}^estioll of isotonh- .saline. Note, the area of K Is greater. V.e. there is an increase 
in the volume of extrac'ellulur fluid. There is no eliungi^ in the eoneentration of extracellular Na' 
or of the V(duine or eomjiosition of the intracellular fluid. 

uncliangcd, none of tin? excess fluid outers the iiitracclluhir comfKirtmt'ut 
(Fig. 85). 

(2j .ItK.VAi. CifA.NT.’KS.- Then; is also a gn‘atcr sccrctiofi of urifi<* ; the 
urine volume rises to a maximum during the second lnuir and then declines. 
In the main the diuresis is due to deen*ased n*ji.hsorption of water in the 
tubules ; the mt'cliauism is, howev(*r, obscure. As there is no (ietTefise in 
the [)lasma crystalloid o.]). there is presumably no decrease in tlie st'cretion 
of pituitary antidiuretic hormone. An additional factor of somcwdiat greater 
im])ortance than after water drinking, is tin* dilution of the plasma proteins 
wJiich may pc'rliaps l(*ad to increased gloim*rular filtration (though this has 
not been convincingly demonstrated). 

(8) Jn extn*me cas(*s some of the <*xces.s fluid may be accommodated in 
the lirH(/s : pulmonary congestion occurs (reducing the vitfil capacity) and 
exudation into the alveoli (jfuhnonary UMlema) may develop, (^erebrospinal 
fluid pressure is raised (p. J2(J). 

(4) Jf isotonic salim* at ])ody temperature is injected more, (jrad}taUff (under 
20 c.c. per minute) in large anjounts into normal subjects there is no alteration 
in the arterial blood j>r(;ssur(; or heart rate ; the <;xcess Iluid is rapidly elimin¬ 
ated from the plasma into the tissue spaces and is ultimately excrete<l in the 
urine, so tluit the jflasma volume is kejd about normal. 




EFFECTS OF LAIlCiE SLOW SALINE INFUSIONS 01 


(5) rii<^ irtHperahtrr of tlie fluid acts directly on flu* siTio-auricular nod<‘ 
(|». 23d) and on tin* cardiac centre (p. 274) ; a ris(‘ of t(*ni(K‘rature quickens 
the heart and a fall slows it. 

Very Large Slow Saline Infusions. Fij;. .3t) illustrates the results of 
infusing 27 L of isotonic* saliiie over I days (i.r. lu'arly 7 L daily). As 
cun|)liasize.d above, as the solution is isotonic it must all be stored extracellu- 
larly until it is excn‘t<‘d by tin* kidi^ey. The renal r(‘spons<* t hough sensitive. 



Fkj. 3(i.—Effects of Lar^e Slow Tiitraveiiou.s Tfifusioiis of Isotonic Saline aini of o% 
Glucose. Normal .Adult. (.After Gamble, ExlruwUulur Fluid, Harvard I’niversity 
Fress, 111411.) 

Loft-haiul coliiiiiii ; Uespoiiso to isotonio Huliiie. Xotr tin* inrroasc* iu o.Kt.racflliilar llaid volume, t)i« 
increase in plasma volume ami the decrease in ]dasma pn)ti‘ln concentration. 

Kiicht-hand roliimn : Response to .0% «hict)se. ,\s the ulucosc is rapidly iiudaholizi-d the cUVct of ttie 
inf'iisiun is equivalent to the iimestion of water. There is no inerea.se in <‘xtraeelhilar liuid volume 
or in ])laHiiiu i)rott*ln (Mincentration owiii;' to tlie rai»ld respimsj' hy the kidui’>. 

to a very small change of crystalloid o.]). (c.//. as after water drinking) is 
much more gradual and relatively in(*ffi(dent when th(M*e is no change in 
crystalloid o.[). even when there is a large increase of total body water. 
Fig. 3d shows tha t aft (*r 84 hours tlnu-t* was an in(!n*ase of 7 Ij in extra- 
ctdlular water, including an increase of over 1 L in tin* plasma volume (i,e 
of 30^^;,) ; the [ilasma protein concentration fell (from 7-8 to The large 

outilow into the tissue s])aces is due to the fall of jdasnia protein o.p. and the 
j)resumed rise of c.a[)iilary blood pressure. Though the volume of urim^ rose 
to 5 L daily the kidney did not keep pace with the infusion of fluid (nor wdth 
Na^ input). It actuaily resjionded by (‘xcTeting w^ater and extra salt in tin*, 
jiroportions j)resent in isotonic saline thus f>n*seTving crystalloid o.p. (there is 
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EFFECTS OF INCiESTINC^ ISOTONIC SALINE 


no change, iu plasma Na *) ; but it obviously lailvd to restore total body water 
or plasma volume rapidly to luuinal. 

Ingestion of Saline. Isitiotur saline of a eorupositioii resenddiiig Loeke’s 
solution IS tairly palatable it drunk slowly. If 1-2 L is drimk there! inav 
be HO diuresis at all during the next (i or 8 liours ; the exeess water and 
salt is excreted during the next few' days during wdiich [>eri()d there is ovei*' 
tilling ol the extracellular e(»»npartn)t‘nt; the j)lasma volume may be increased 
l^^^^) (~- d.‘)0 e.e.) ; i( as much as 3 bare drunk m an hour, the maximum 
diuresis altaijied is only 3U0 c.c. per hour : the urinary output remains above 
lot) e.e. per hour for more than 24 hours. It is important to note that saline 
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Fio. ;n.—Comparison of Effects of Ingo.sting Isotonic (a) Solution and 
ib) Ma(.'l Solution on Flow of rrine. { Ad(»lph, Amer. J. Physiol.^ 1923, 65.) 

In (a) 500 c.c. of 1-3% KOI, and In (ft) 1000 c.c. of 1% NaCl were ini;?e«tcd at arrow A 
Note tho absence of dlureslrt wJtfi NaCI and the marked dfiireBi* with KCI. 

is retjlined for many hours, w^hen given by mouth (or per rectum), but is inoi-e 
rapidly eliminated if introduetMl (lir(*ctly*into the circulation. 

Isotonic KCI (1-3'Vo) if given by mouth is treated quite differently from 
NaCl; it is rapidly excreted like urea or other w^aste products and gives 
rise to a marked diuresis (Fig. 37). 

Effects of Excess Salt (NaCl).- (1) Changes in Body Fluids..- 

Suppose a strong NaCl solution is drunk or injected ; the plasma crystalloid 
osmotic pressure rises ; water is sucked from the interstitial spaces "into the 
plasma initially increasing its volume: but at the same time the salt diffuses 
out into the interstitial spaces. The outflow of salt causes a secondary out¬ 
flow of water by osmotic action. Ipioring the intermediate changes just 
described the net result is a uniform increase in the NaCl <x>ntent of the extra¬ 
cellular fluid without change in the relative or absolute water content of 
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plasma or interstitial fiiiidJ The higher (»sTnotic pnissnre of extracellular 
fluid eom[)ared with iTitraeelluIar Iluid leads to a. flow oj wafer from, the cells 
into the extracellular fluid. The final result is a uniform increase, in crystalloid 
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Fig. ,*IS. - Kffecfc on Volume and tloniposition of Extrarellular and Tntracellular Fluid of 

Excess 

liert-haml box : TntaJ arf’a of columns 15 and F represent volume f)f extracellular .-ind intracellular fluid. 

■Art'.'is K rci»n-scnl conrciitratlon ol Xa* and K ■ in ♦‘xtraccllnlar and irdracirllidar Miiid. 

Middle box ; Jminediatc effects of NaCI ex<*ess : an inerrase in e\traeelliiiar Na' concentration. 
Ki(;ht-hanfi box ; Kitial effects (jf Naf.'l excess : an increase in extracellular fluid aiul a d«‘c*rease in 
iiitraccliiilar fluid vidunu;; increase in (‘Xlraccllular Xsi' and jin reusein intracellular K coiiceiitiation. 

coiKMUitnition und osmotic pressure throughout the body Iluids, hut th(‘.re 
is a. decrease ia htfraeeUnlar fluid and an increase in cxfrace.llular fluid volmm* 
(Fig. :is). 

(2) Kk’XAb CiJANdKS. Ill an cx[)criment (Fig. 39) in which 2S g. of \a(*l 
were ing(\st.(*.d the urinary flow was increased from 30 to 120 e.c. |>(‘r hour ; 



Time in Houi*s 


-Fig. 39. Efl'ctds oii Urine of Ingesting 28 g. of .Na(3. (Adolpli, Ainer. J, PhysioL, 

1923, 0,5,) 

Records from above downwards are: Cl. cone.=concentration of chloride with reference to molar con¬ 
centration (M). (Molar~3 35'6 g. per litre); Urine rate=srute of urine formation in e.c. per hour ; 
Cl. rate g.—rate of chloride excretion in g, per hour. At A, itigest 28 g. of .Nad. 


the rate of (T (‘.xe.retion rose from 0-2 to 1*2 g. per hour (tin*, amount filtered 
per hour from the glomeruli is about 24 g.). Healfsorption of CT in the tubules 
though somewhat less com])lete, is still going on on a very large (and seem¬ 
ingly unnecessarily large) scale. The maximal urinary Na(T concentration 
^ The small volume of water in which the salt w'as administered can he neglected. 
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occurred between the third iiiid the twelfth hour, when it was about n*;)5 
molar (—-‘3*4‘’o Na(M, coin|)ared with the average normal of T'o)- 
of excretion of salt is thus comparatively slow. 

The taking of salt ijiduci^s thirst; more water is (‘onseipiently drunk and 
is mainlv retained in the body (probably owing to incn»ased secretion of 
AJ)II (j). bl)) to dilute the retained salt and thus restore the appropriate 
osmotic pn\ssun‘. Tiie body wiu'ght may be temporarily increased from 
retention of saline. The excess fluid and salt are slowly eliminatiRl in the 
cours(‘ of a few daffs. 

Results of Simple Sodium Chloride Deprivation. -Simple sodium 
chloride deficiency can be produced experimentally in various ways. The 
sim])lest is to induce severe sweating while replacing the water and \a(’l 
lost by water onh/, excluding salt as far as jiossible from the diet. TIu* 
changes in the boily fluids an* the reverse of those described for NaCl (‘xc(‘ss. 

(1) (biAN(;i<:s IN linin' Fli-ulS. -As tlie Nat'! (Mintent of the plasma is 
reduced, water initially flows out of the blood into the interstitial spac<‘s 

r-1 

I I 



I' lo. 40. of Simple Na(’l I >(‘pri\at ion. 

I.r*ft-haii(l hnx : 'I'otul areas nf ooluiiiiis E and I repnvseid voliinu' of extraeclliilar atid ititrarfllular tint I 
Areas Na. K represent eoiieeiitratiou ofNa* and K' in e.vtraeelliilar and intraeellular llniii. 

Middle lutx : Jniinediiite eliet ts (d .NiiCI tleprivatum -a deerease in extraeellnlar .\a (-(tiii'entration. 
Ki(;ht-liand box ; Final eflecta of NaCl dei»rlvatii>ii- a deerease in extraeellnlar :ind ati inen.-ase in intra¬ 
cellular fluid ^'oin1ne ; a <leereaM- in extraeellnlar Na' and in iiitrae(‘lliil;ir K eoneeiitration. 

(NaCI moves in the opposite direetiou). When etpiilibrium is established tin* 
volume, and distribution of tin* extrareliular fluid is uiiiilten‘d but the Iluid 
is more dilute, i.r. the Na(1 (•oneentnition is n*dueed. Tin; extracellular 
fluid osmotic ])ressure is now lower than the intnieellular ; Iluid therefore 
moves from the int(‘r.stitial spaces ititff (he rells. The final n‘sult is a uniform 
decrease in crystalloid concentration and osmotic jiressun* throughout the 
l)ody fluids, Init there is an iunease la the rohnae af lafraeellalar fluid and a. 
deerease in the rohtmc of u'traceUnlar fluid ; the swelling of tin* cells must be 
emphasized (Fig. 10). The decrease in extracellular water in>ct;ssarily involves 
a decrease in plasma volume ; but as this rais(*s the j)lasnia proleia osmotic 
pressure, jilasrna volume is r(*lativ(*ly b(*tter f)reserv(*d than is the volume of the 
interstitial iluid. The eoiieeiitratiou of Na* and CT in the plasma, is decreased. 

(2) .Renal Changes. - The kidin*y responds to the ehariges in tin; eledroljile 
eoneeiitration of tin* plasma and other body fluids by diminished excretion 
of Na^ and (.T in the liriiie ; reabsorption of Na* and Cl' in tin* tubuh*s 
b(*eonn‘s ])raet i(;ally eom|)lete. A serious disiarbauee of (feueral reua! function 
develops wliieh may be due t<i the loss of Na*^ ions.^ Although the blood 
pressun; is unaltered, glorin;rular filtration is deereas(;d by, say, ‘30*’^ and 
^ Heport to Hrit. .Med. IJe.s. ('oiiiieil, Laveet, 11150, ii, 500. 




CLINICAL SYNDROMES OF NaC] LACK 


urea clearance is also (l('cr(‘as(‘(l, e.<j, to 40 of the control value. Cojisider- 
able urea rel(‘ntion occairs with a resulting rise of ])lasnia urea, e.g. from 
30-80 mg ; tlu* (lecreas(*<l glomerular filtration may be a factor in 
]>ro(lucing this “ unemia.'’ Water drinking do(^s not induce tlie usual striking 
diuretic res])onse (Fig. 11). 

JS'.a ’, (T and //' i<tn deprivation may be induced by continuously aspirating 
the gastric juic(* and re|)lacing the withdrawn fluid by nieaiis of water or a 
glucose solution (j>. lOti). As under these conditions there is a greater fall 
of })lasma (JF than of Na' alkahemia results, comnionly associated with 
signs of renal damage, such as the appt'arance of albumin and c.asts in th(‘ 
urine. 

Clinical Syndromes of NaCl Loss. — (1) ITi:at (Stokiui’s) ( -KAMr*. Men 
working very hard in hot. moist atmosphen*s (st.ok<‘rs, miners) swtrat pro¬ 
fusely ; if they replace* the water lost but not the Na( ■!, NaCl d(‘ficieucy is 



TIME (minutes) 

Kin. 41. Kflect of Salt-Poor Diet on Renal Response to VV'ater Drinking. 

( After M f -anee and Widdowson.) 

Ill oncli cjisc 1000 of wator wore liruiik (arrow). On a Halt-fioor ilii^f. tin* 

(liurrtio ros)M)iiKc is sfiiallt'r than on a iioruiul diel. 

produced as alreadv explained. A common symptom is widespread, intense 
and exceedingly painful (!onlractiou of the muscles, jirobahly due to the 
harmful effect of the low Na('l content of the interstitial Iluids. Tlie cramj)s 
are prevented or markedly relieved by drinking saline (0-25’};,, or even 

1% solutions) or by taking salt tablets. 

(2) Chavk NaCIj. Diofk'IKXc’y Svm)K():\iI':. - In sev(*re cases tliere is 
lassitude, ajiatliy, stu|)or, h(‘adaclie, wtuikness, as well as cramps. Later 
there may be nausea and vomiting (attributed to sj)asm of tlie jiylorus), 
giddiness* fainting, jadlor, and cold swc'ating. Then* is mad faihnr and 
nitrogenous ret(‘ntiou in tlie blood. Owing to the dec.reas(Hl plasma volume, 
the Idood ])rcssure tends to fall but is kept iij) for a time by compensatory 
vasoconstriction ; finally the blood jm'ssure does fall and a. “ shock ’’dike 
state results. The clinical picture is thus one of g(Mieral grave illm^ss which may 
be variously diagnosed. A clue to the diagnosis is obt-ained by demonstrating 
the absence of CL in the urine (no juveipitate with AgNO.^ solution in the 
presence of nitric acid), and the low jihisma VV h*vel. Final confirmation is 
obtained by tin* ra])id improvement resulting from administration of saline 
solution. 

Certain other points should be stressc'd. The normal fullness (turgor) of 
the skin and mucous membranes d(*pends on the volume of Inf a rs( dial water, 
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In sttll (l(‘]mviition tho skin fools tiul)by nmi tlio toji^iio find ninrons rmnn- 

l)rfin<‘S are drv. 7Vfr/r is vo sensation oj 
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thirst. 

Effect of Water Deprivation. Jt 

will Ih‘ n*in<.*inl)(M(‘d tJiat water is con¬ 
stantly being lost IVorn the body in urine, 
expired air, find insensible jan-spiration; 
the irr(‘tiueible ininininin Wfiter loss (in 
the absence of sweating) is about 120(1 c.c. 
dfuly, representing 2*5% of the total body 
water. Jf eorresponding ainoiints of wat(>r 
arc not drunk (owing to water not laiiiig 
availalile, to n neon scion siii*.ss. or to a 
])atieiit being too weak to drink), water 
depletion develo|)s leading to changes in 
tin*, various c()nij>artTnents of body lliiid 
whieli are the reverse of th(»se des(Tib(*(i 
for wat(‘r drinking (p. ;”>()). 

(1) (.hiANOKS Tx Body Fj.uids. The 
decrease in plasma vvat(U‘ concentrates the 
])lasina (‘rystalloids ; wat(*r is suck(‘d in 
from the interstitial tluid and some salt 
dilfus(?s out; linally the whole ■'xtrac(‘lliila.r 
fluid is reduced in volume and shows a 
slightly incr<*as(*d crystalloid cmnrentration 
and osmotic pressure. \Vat(‘r is conse¬ 
quently drawn out of thii tissue cells. 
All the iluid compartments ultiinat(*ly lose 
water and gain in crystalloid cont(‘nt ami 
fdl end U]> with the same (i.e. slightly 
more than normal) crystalloid osmotic 


DAY [►ressure. These f)oints are w(*ll illustrated 

Km. 42. -KUCci.s on JJody Kliikls ()(’ by Fig. '12, whicli sets out quantitative 
Water Deprivation in Dog. data obtfiiiied in .‘in animal deprived of 
11 **‘^"'\**V’ ■ water for 15 days. Initially the water 

“ loss was borne cineUy by the ejrfracelLnlar 

Upper ’ „r»«,,»siv.. in.r™s.. ,,1 (»iIi>iost wholly hy'iiiterstitiaHluul): 

pinsina Xa+ cmicnitnition. A siinUiir later pro]K)r1 loiifilly larg(*r eoiitrihutiotis 

were made by iniracribdar water. Aft.-r 
jA.upr m..r<i: Aiiovo the zero (O) line— If, dfiys of thirst tlie total Water loss 

voliiiiie ot ext.nn-elliilnr fhiiii ; t)elo\v i i i . hi 

the zero (O) line voluuu; of intra- (*xee(*de(i th(i entire initial extracellular 
curvf'T'wj!;.^ total ««t,.r i,„> about watcr voluiiie ; in other word.s there would 
:ifioo c.c. at ( 11(1 ofia days. luive bceii 110 ])lasma volume were it not 

cxtruccliiiiar coini.artiin'nt- 17(H) c.c. for tlie eoiitnhiition from the tissue cells, 
at end of ir. days. .\t 15 days, half 1 lio loss liad hetm boriie by 

laiwer stjpiiled ureas A, It, C : Loss ot water ii 1 1 1 11 • . *1 

from Intracellular coiupartniciit - about (‘xtracclluhir and half by intracellular lluid. 

1«IK> C.C. at end of J5 days, outward flow from tin* tissues is chiefly 

(l,.v. to the iiKTCfised crystalloid o.p. of the extnicellular lluid resulting from 
the dehydration ; in addition there is an unexfilained leak (“ excretion ”) 
of K**" out of the cells further lowering tJieir o.p. and determining additional 





KFKKC TS OF WATER DEPRIVATION 


07 


water loss. Tlje volume of urine is (l(»eniase(] to a minimum by increased 
secretion of antidinretic hormone (p. bl) t(j j)res(;rv(; as jiiiich body water as 
possible ; tlu‘- (‘xeretion of <*I(‘etiojyte is raised to inaxirnuni (ef. p, ‘^()) to 
minimize tlie very harmful inen^ase in lonieity of the body fluiiis. It should 
be emphasiz(Mi that in so-(;aIhMl simple water deprivation there, is not oidy 
obvious water loss but also addilional rUTlrohjIe, loss for tlui r(;ason just f^ivtm. 
These facts should lie borne in Jiiind wIkmi re.storative measures are jilanned ; 
chronic water loss is rcalh/ wafcr-t-salt loss and must l>e <lealt witli by f^ivinj^ 
wa ter+salt. 

Jt is also important to rememl>er that severe potassium depletion accom¬ 
panies the water and salt loss found in diabetic coma and infantih; diarrho'a ; 
in these conditions one must not only tnait the acidosis with alkalis and the 
dehydration wdth salines, but must make good the ]>otassium lack by including 
K' in the. transfusion fluids (cf. ]). 971). 

As th(? [ilasma volume falls with increasing water loss, the venous and 
capillary pressures fall with a resulting decrease in th(^ filtering fore.e whic.di 
drives fluid out of the ca|)illari(*s. Again, a decrease in tlie j)laHma fluid volume 
increases the concentration and thus the osmotic pressure of the* plasma 
proteins. Thes(‘ two factors tend to keep up plasma volume at tlui ex[)ense 
of tlui interstitial Iluid. It must be remembered that, determinations of 
plasma volume or of haunoglobin or of plasma ])rotein concentration an? not 
a relia))le guidi* to th(‘ d(‘gre(? of water <le[)rivatiou b(‘caiis(? the plasma colunic 
chaiipcs last ami least (thus maiiitaiinng the cir(‘ulation) : its relative cofi- 
stancy masks the larger water cJianges whicli are occurring extra.-vascularly. 
When chang<?s in |>lasma. volume or coniposition are obvious, the clinical 
state is grave. 

(2) iiwNAL CfiAN(;io.s L\ Man.— The eff'ccts of (•omplet.e deprivation of 
Huid in man for d days have been studied ; the diet was otherwise adetpiate 
in all constituents. The renal blood How remained unchanged : tin? volume 
of glorneridar filtrati? was nnluced at most by 20“,,. Then? was no decrease 
in ]jla.sma volume and no luemoconcentration. presumably because the 
interstitial Huid reserves were called iiptin. The body weight d(H;reas(*d by 
about 3*5 kg. Tin* volume of urine was redm.ed to 30 40 c.c. per liour ; at 
urinary out]>ut.s of 30 c.c. per hour, or under, in man, urea, en?atiniue, ])hos- 
phate, total nitrogenous and total non-nitrog(?m)us solids become maximally 
conceutratcfl. This means tliat la-rger amounts of the individual urinary 
constituents cannot be eliminated, should there be ne(?d to do so, uiih?ss 
the urinary volmm* is iue.reased ; <?onve,rsely, any further leduction of 
urinary output diminishes excretion of solids and so causes their retention 
in the blood (cf. p. 30). 

(3) Watkr llECurvATio.x IN Infants. These eifeets of water de]>rivation 
are especially imj)ortant in infants owing to tin? ])e(?uliarities of their renal 
function. In utcro, al)out half the work of the kidney is done by tlie |)lacenta ; 
at birth the kidney is perhaps not fully developed fumrtionally. The urine 
in infants is hypotonic (not hypertonic as it is normally in adults), i.e. an 
excessive volume of urim? is needed (by adult standards) to eliminate a fixed 
amount of solid. The glomerular filtration rate is also low. Water deprivation 
or excess fluid loss rapi<lly leads to retention, of urea and NaCH. In illn(?ss in 
children associated with sw^eating, diarrhma, or vomiting, the Huid intake 
sliould be kept high and tin? protein intake restricted to minimize formation 
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of nitrogenous wMst<* products ; administration of saline should be avoided 
(unless there is liy]n)ehlora'nna) as tl»e kidney muy fail to get rid of the extra 
salt. 

(4) (ilK\if:i<AL SvAHTovjs of Waticu Lack. TIk? /jatient comp/aiiis of 
thirst und weakriess : the skin is dry am) inelastic ; the <^y<\s are sunk(!n ; 
later there may be chang(\s in temperament; slight pyrexia may occur. The 
volume of urim* is r(‘duced find as the excretion of the waste ])roducts of 
metabolism continues, tln^ urine is concentrated with a sp(;citic gravity up 
to lOR) (normal 1020). As tin* decreased plasma volum(‘ produces progressive 
circulatory failure the renal blood flow is th'creased leading to renal failure, 
incomplete excretion of nitrogenous waste products and their conse(]uent 
retention in the blood. When such symptoms are ])resent the loss of body 
weight (due to wat.(‘r loss), is about 0% (equival(‘nt to about 4 litres or 8% of 
tt)tal body water). A man who has lost 5-10 Jj of water is very ill ; d(*ath 
takes j)lac(‘ wlum the water loss is ahoiit 15 L. 

Tn infants water lack is even more st^verely felt. The water reserves of tin*, 
body are proportional to th<^ w<ug]it and hence to the volume ; the water 
requirement's an» conditioned liy tlie metabolic rate and are hence propor¬ 
tional to the surface area. It follows that the smalhT the individual, the 
greater is his surface area relative, to voluuu*, tlie greater is the disj)arity 
between his water requirements and his water res(?rv(5s and the more quickly 
will water deprivation be felt. 

Problem of Thirst.- - The mechanism of production of thirst is not fully 
und(?rstood, but referema*. may be made to suggestive obs(‘Tvations. Thirst, 
of course, is s(*V(*r(*. in conditions of water d(‘privation. Such thirst is not 
m(*n‘ly a mouth semsation, tiiough the mouth is <lry ; thirst is said to persist, 
after aiiiesthetizing the mouth but- it is at once abolislusl by hicn'asing the 
water content of the l)ody by any route. It is coiiimon knowledge, however, 
that if a dry mouth is f)roduced by arresting salivary sc^tu’etion with atropine, 
an unpleasant sensation is [uoduced which many would call thirst.; anyway 
there is an urgcmt call for wabu- for the mouth. In simph* salt didiciency 
wlien, as explained, the, cdls are. Htvollen (their water i*ontent is increased and 
the volume of the interstitial fluids is depleted), there is no thirst in man 
or animals. Animals given hvfjcrtonic saline sutler severe thirst and drink 
copiously ; in this conditioJi the cdJs are shraakea and hypertonic from loss 
of water, but tlie interstitial fluid volume is gr(s*itly incnjased. It would 
seem that the feeling or aflect ” (as tin* psychologists call it) dcqjends 
on the state of the body cells as a whoh^; how tlie brain is infornuHl of this 
state is unknown but one. may suppose that the altered state of the brain 
itself may contribute to th(^ feeling of thirst. It is imj)ortant, however, to 
recognize that thirst is 'not a guide to the total water content of t\ui body 
though thirst is marked in simple water deprivation : it should be especially 
noted that the equally grave (condition of sg.lt lack gives rise to no warning 
sign of thirst. 

Other Conditions of Altered Fluid ami Ionic Balance. The effects of flui<l 
( I salt) loss in S(‘V(‘r(‘ sweating are considered oji p. 47(»; the (*ffects of 
vomilimj in pyloric and intestinal obstruction on ]>. 105 ; the effects of 
hamorrhage on p. 81 ; of exercise on p. 53. 

The role of the antidiuretic, hormone of tlui ])ituitary in regulating crystal¬ 
loid osmotic^ pressure is considered on ]>. 51. 
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Excretion of Urea. -Tlio. mecluinisin is illustrated l)y tlie following? 
experiment. 15-IiO of are invested ; ra])id aV)sorpt-i()n from the 

intestine takes place and t,h<‘ blood urea rises. There is no {:hanjie in renal 
blood How or in glomerular filtration rate*. The total un^a excretion in the 
urine rises slowly to a peak (c.//. from l-r) l,o ;b0 g. ]>er hour) and then slowly 
decline's (Fig. 43) ; the. excess urcia is gradually eliminated in tin; course of 
8 or 10 iiours. Th(*r(‘ is g(‘ne?’ally sorm^ associated fl/un^sis^ ejj. from a control 
level ol 50 c.c. to a p(‘ak of lOO c.c. per Jiour : the un^a comrentrat ion in the 
urine normally always exc(‘eds 2% at some stag<‘ in the response and may rise 
to 4 or 4*5"'„. Th(» m(‘chanisni of the res|> 0 Mse is straightforward : a. rise of 
l)lood urea leads to th(^ filtration of a largt^r ahsoluf.e amount of un‘.a frijin the 
glomeruli in unit time. Thus at the normal blood un*a, of 30 mg ami a 

glomerular filtrate*. f)f 7-2 L per ^_ 

hour ( 120 c.(\ jier minute), 2-2 g. ^ ^ _ 

of urea, are filtered out p(*r liour ^ | 

(dep(*,nding to some* (*xtent on the 20 - y 

volume of urine formed (p. 39)). ^ ^ ^ 

lO -bO”,', of file urea filtered “ dif- 

fuses back " into the blood : l(*t 

us assume, an ava*rage “hack* 

<]iffusion ” of ; so of 2-2 g. 

of urea filtered, 1*1 g. is excn*ted i| urine y 

in the urine. If the blood urea §t - 

rises to 45 mg-‘bj fhen the amount ^8, ^ 

of ur(N‘i filtered in the glomeruli $0 ^ IT 

per Jiour is .-J'-i g. .-MKi tlic amount. p i . 

excrett‘d (/.c. half) is 14) g, jier 7 9 n 1 3 5 7 9 n 

hour. So long as the blood urea is 

elevated tlie, rate, of urea exeretioii I''-'’'' ' "f on Votiimo 

remams raised, i.e. tlie rai.s.-d blood l.v .loh,, Marks.) 

urea ••guarantees its own e.x- At «..h arr.«v iaarst um. or .,r..a. Not.-ihr si™iy 
eretion. Otln^r waste liroduels, j»rojirfs.‘;ivi‘ Uinnsis .-iikI «;r;uliial iiirrra.sir in thr 

1^/\ /f j- • ^ .1 iioiirly cxiTotion of urra. 

C.^. nVt] , Creallllim*, are: exen'ted 'l lu'.shaded urea Uje niaxiinuin ami niiiiiniiiiM 

in a. similar wav output or arim* duriai; (’arh Iionr of tlio day in a 

‘ *,•'* l»c*riod «»f:JS daV.S oil u iroimtaiil watiT intake, 

.1 he ani}r..sf.s jirodueed by urea 

is clue to the osmotic jircssurc^ exert(*d liy the rising conc»*ntration of ur(‘a 
in the tubular lumen, wliere it interferes with wat(‘r n'absorption. Urea 
thus retains water hi the tubules for its own elimination. The. maximal 
nr(‘a cone(*ntra.tion in the tubules is a m(*asure of tin* ]>ower of the tuliules 
to rcaihsorb watcT against osmotic jtressure resistance* : it forms the basis 
of the nren coHcrntration, test which is carried out as follows : 


100 

^ ^ '•50 
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Kio. 43. KlTcct of T’r(‘ji Tny(‘slion on Volnnn* 
of Ijim* ;iimI Tri'a Ivvcrction in Man. 
(Kxp(‘rinii'nt l>v John .Marks.) 

.At «*ach arrow injzpst in u. of nn-a. NoU* the steady 
]>rojires.siv(* diuresis and ^'radiial inerea.sir in the 
iioiirly exeretioii of urea. 

riie .shaded area represi-iits the iiiaxinniin and niiiiiiiiiiin 
output of urine dnrini; eaeh Iioiir of the day in a 
jieriod of :JS day.s on a eoimtant water intake. 


The bladder is ('injitied, and 15 g. urea are given by the* inoutli in lOO (*.r. 
of water. The bladd(*r is em[)ti<*.d aft(*r I. 2, and 3 hours. The first spetumeu 
may be dilute bc'cause of the diuresis indueed. The* sec'oml specinieii should 
contain 2*',, of urea or ov<*r. If more than 120 c.c. are seerel t*d in the second 
Jiour, the urea |u*rc(;ntage in the third s])ecimeii is d(*t (*rmin(*d. Failure of the 
kidney to (uiucentrate urea to 2'',, in any one of the three samples is (*viden(*e 
of renal iiioflici(*ncy. i\ or nail kiduv.fis (as stated) inatf concentrate ureu to 
4% or over. 

Because of its mechanism tin* diuresis induced by urea is t(*rmed tuhule 
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diuresis. A similar form of diuresis takes [>la.ce when protein is invested or 
excess tissue breakdown is taking y»Iaee. Larj^c'r aTUoiints of waste products 
(e.ff. urea, sulphate) are formed ami their concentration in tlie plasma, in the 
glomerular tiltrate, and in the tubular lumen, rises. They are excreted to a 
greater extent and increase the urinary volinne by the same nitM'hainsms whicli 
were considered with reference to urea ingestion. .As might ])e ex]>ected tlu^ 
volume of urine varies with t h(» protein intake (see Folin’s Table, ]). «S91). 

The polyuria of diahetes meUitas and other forms of glycosuria is likewise 
due to the excess sugar in the urine acting osmotically ajul hampering water 
renbsorption ([». tt2J). 

Tin? maximum coiicetitratioii of urea in tlie urine is independent of that 
of the salts. 

Hulk of Kiomo^ in IVkkskkvino tiik 11 ‘ Jon Concrntuation of tiir 
BnooJi.- 'I'his subject is discuss<‘(l in detail on ]). hi. 

Factors Influencing Urinary Volume.- Tlu* subject has aln*ady been 
surveyed fully and is bri<dly summarized below : 

(i) Water drinking (p. b?), wat(‘r deprivation (|>. f>7) and water loss by 
(»ther channels (sweating, p. i(>7, vomiting, p. lOb). 

(ii) Saline ingestion (p. b2), intravenous salim* inji'ction (p. bO), ex(a‘ssi\'c 
salt intake (p. Gd) and salt de])rivation (p. G4). 

(iii) Brotein intake (p. 70) ; diundic agents in i‘ood (c.r/. caffeiiK', thet»- 
phylleiie and theobromine). 

(iv) Muscular (‘xercise (p. bd). 

(v) Sleep. -During sh'cj) tln^ urinary output is df‘eri‘aseil ; this is attri¬ 
buted to a (h*pn‘ssed stale of the circulation, tf> lowt*red nndaholism and to 
lack of water intakt*. 

(vi) Emotion may inhibit (p. bd) or increase llu' How of urini* ; it may 
also increase the fre<|uem*y of mieturitiun (p. 771). 

(vii) Note of posteriftr plffularf /.— By means of its antidiundie hormom* 
the neural division of the ])ittiitary controls the daily volume of uriiu' : it 
acts directlv on the tiiluilar epithelium increasing tlie n*abs<u]dion of water 

(i>.r>i). 

(viii) Ofkrr /w///wvv//c.v. - lnj<*(dion of a<lrenaline (p. 72S| ; adrenal c(utex 
(p. hbb) ; thyroid (p, bj) ; anterior jutuitarv (p. bl) ; parathormone 
(]>. JtH)7) ; diabetes imHlitus (j). d21). 

(ix) Other Fttcfnrs. Ha*morrhage (p. Sd) ; t?-aumati(‘ sln>ck (pj). d4(), 
342); aidion of hvperteiisiu (p. dbl) ; essential hyfiertimsion (p. 354); 
acidicmia (Figs. b4, A, bb) ; alkalaunia (Figs. 51, H, bG) ; renal disease (pj). 71 
et seq.). 


KIDNEY FUNCmON IN DiSEASK^ 

Tests of Renal Function.- 1. Examination of Hi.ooi» and Diunr. - 
The ‘icnne. should be examin(‘d with respect to volume, sjiecific gravity, 
reaction, concentration, absolute ainounts of tlu‘ various normal urinary 
constituents, and presence of abnormal constituents like albumin, red cells, 
or casts, and the tdnad with respect to the. c.oncentration of tin* constituents 
excreted and thus regulated In* the kidney including ID ion concentration. 

’ IN*ter.s and \'an SIvkc, Quanlilulin. Cliinral (■hcinl.sfn/^ Jnfvrprrtatl(tns\ IJKM. Ki.shbprg 
liyperlcnsion and Nephritis, 193U. 
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(1) Sl*I0(MKI(J (»I{AVJTY AM) HkKA (’<).\(‘K\TltATlO\ ^Pk.ST. Th(i jiOWer of 
the kidney to absorl) water and do osinotie work is pi,lifted by ihv. spn l./ir 
(jravitff of the urine (p. 2b) an<] more |)reeisejy by the nn-n ionrruirafian 
test (ji. tib) which als<» indicates the ability of the, t\jbular e)>itludi\nn to 
resist “ baek-diffnsion." 

(2) HniNiFK 'ANCK OK Blood Valuks. In eonsiderin*; the (‘fleet of n‘nal 
fa,iliir(‘. on tin* l(*v(‘l oi tin* various eonstit,n<*nts of the plasma, tin* following; 
facts mnat be })orne in mind. 

(i) Vrm luiTirlion and Blood Vim Lead. As (‘Xfilained on p. (ib, urea 
is (‘liminated from the body (^xcbusively by Ldomeriilar filtration ; tlie 
amount in of ur(‘a filteied into Bowjnan's capsule jirlomerular filtrate 
(in L) plasma urea cojicentration (in g. per L). Of the amount so filtered 
iibtuit lialf returns to the blood by “ back-dilTusion ” and th(‘ otln^r half is 
excreted in the urine. Tin* table b(‘lovv shows the minimal blood un*,a lev^t‘1 
necessary to eliminate b, J8, and ‘hi <j;. of ur(‘a daily (resulting from low, 
modest, and high protein intake) at normal and subnormal levels of glomerular 
filtration. 


(JloirHW'uIa 

• I^illratc 

lilooU Urea LoveI (in m^./lOO e.c.) neooHsurv to i^xcreli' 

Voluiac 

24 

Knictioii (»f 
Normal. 

1-0 Normal. 

9 g. of l’r(?a. 

J« c. of Urea. 

i 

*{9g. ofUrea. I 

{ 

180 L 

90 „ 

15 „ 

22-5 

1 1-0 

0-5 

0-25 

(M:2r) 1 

10 mu % 

20 

40 „ 

30 „ j 

i 

_ 

20 mg- % 
■10 „ 

K(J 

lOO „ ! 

40 mg-‘}o ! 
.SO „ i 

M i 

:j2o „ 


At a normal h*v(*l of glomerular Jiltration (ISO L)? 30 g. of uivu can b(‘ 
excreted at a, blood urea concentration of 10 mg -^),,. 8uppos(‘ the glomerular 
filtrate falls to half-volume (90 Ji) ; the amount of ur(‘.a excreted is similarly 
halved ; urea is thus r(‘taim‘d in the blood and its eofjcentration there 
ris(!s. When the blood urea has risen to double its original lev(d (80 mg-‘*;,) 
the kidneys again ex(!r(*te 30 g. (at the reduced glomerular filtration rate) ami 
ecpiilibrium is re-established. On the other hand if only 18 g. of urea luive 
to be excreted, when the glomerular filtrate falls to half, a blood urea level 
of ‘10 mg“% is ade(|uate to effect full excretion. If th(‘. urea to be excreted 
is only 9 g., a blood urea h^vel of 40 mg--‘’v, is adeiiuate evim when the 
glomerular filtrate is reduced to one quarter (45 Ji). A riiduction of glomerular 
filtration (with ('onstant urea production) leads to a rise of ur(>a cone(?ntration 
in the blood (and throughout the body fluids), i.e. there is urea retention. 
Hut this rise of blood urea is eminently “ useful ” because it automatically 
leads to a larger urea excretion ; at an appropriabdy raised level of blood 
ure^a a balance between ('xeretion and j)roduction can always be struck. As 
far as is known a rise of blood urea per se is har?nless ((;f. j>. 71) and as 
urea is freely diffusible it do(*s not disturb the bahuiee b<‘tween the various 
c(mif)artmeuts of body fluid. 
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A raised lifooci iireii level rinisl. lie eoiisidered in tlie of f Iies(‘ faets. 
Ill renal fniluiv the raised Mood urea, can always lx* Jow(‘r(’d to some 
extent hy decreasing the ]m)tein intake, the lower lilood iin‘a level 
then being ad(M|iia,te to eliminate tin* smaller amounts of urea, which an* 
formed. 

(ii) Idle Van Slyke urea, clearance test described on p. and summarized 

in tli(* expression [(\ -yy'x 100] gives a numerical value to the relationsliip 

lietween the amount of urea excreted (U,„) and the plasma urea level (P) 
iKicessarv to excrete it. As I* is tlie denominator, any incn^ase in ]dasma urea, 
level needed to excrete a giv<‘n amount of urea lowers the clearance value ; 
the fall of ch'arance value is an ind(»x of renal insutliciency. 

(iii) Tlie hormul hlmxJ am/ value is generallv 25 40 mg. pi'r 1<K) c.i*. ; 
lower values ar<‘, liowever, not uncommon and are the rule in pregnancy. In 
healtli the blood urea will obviously Huctuate vv'ith the protein intak(‘. A 
rise of blood urea is a sensitive ijidex of renal failure if the protein intake is 
high ; on a low prot<‘in ijitake consideratde renal failun* may be ]>r<*.sent 
without tin* blood urea rising above the upp/u’ limit of the normal. 

(iv) lilood Vrcn in Sou-Renal Disease - -A raised blood urea (in relation 
to the jirotein intak(‘) probably represents decreased gloiiKwidar filtration, 
but the latter need not necessarily be due to renal diseasi*. Any (xmdition 
dei'reasing gloim*rular blood llow’ or glonu'rular pressure d(M*rt*ascs glomerular 
fdtratioji. The blood unai may thus be raised in luemorrhage (]>. 84), shock 
(p. 34*1), cojiditions of water deprivation (p. f)7), salt dej)ri\ ation (p. f)5), or 
(‘ombined water and .salt loss (c.//. ijitestinal obstruction, p. JnS), over-tr(‘at- 
ment with alkali (used “therapeutically'*), in adrenal insutliciejicy (p. 1155), 
in parathyroid hyjiercalca'rnia (p. 1()07), circulatory failun*, or as a result of 
reflex con.striction of the renal V(*ssels (p. 27). 

(v) Blood Soii-Proteru Sitrotjcn (N.P.S.). - The term non-protein nitrogen 
(N.P.N.) refers to the weight of nitrogen in the non-protein nitrogenous 
constituents of the plasma (/.c. such substances as urea,, ini.xed amino-acids, 
uric acid, creatinine) ; it is t*xj)ressed in mg. ])er 100 c.c. and is normally 
about 20- 40 mg. [T^ote that blood urea is (?xpr(\ssed as the total weight of 

28 

urea ; if the blood urea is 40 mg., then the blood urea uitrotjeh ^ is ~x40— 

18 mg. ; a[)proximately half the blood N.P.N. is thus due to urea N.J. The 
plasma N.P.N. is 18 30 mg. per 100 c.c. The determination of the blood urea 
and the N.P.N. gives an indirect indication of the concentration of the nitro¬ 
genous constituents other than urea. The blood urt?a and N.P.N. usually rise 
and fall togctln^r and hav'e the same signiticance. 

The j>rincipal non-protein nitrogenous constituents of the plasma other 
than urea are creatinine and uric acid. 

Blood Creatinine. -Tlie ujiper normal limit of blood creatinine is 2 mg. 
per 100 (r.c. It is thought likely that to excrete the cn*a.tinine normally 
made in the body ai)proximatcly the full normal glomerular filtration volume 
is necessary. As cr(*atinine is mainly formed in the tissues at a fairly st:.(‘ady 
rat(j its blood h^vel is normally very constant. Any decreasci in glonn^rulaV 
filtration would then be immediateiy refh^cted in a rise of blood creatinine. 

i Urea N/Tolal Prea-2N/CO(iVK2)2 -28/($0. 
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Va.lu(‘s of ‘i 5 coiisidorahli* jrlomrruljir failiuv, wliilt* valinis 

over 5 Jii<^ % an* of ‘jfiave oioon. 

Blood Uric Acid .—Tlio normal ran^e is U‘7~‘5*7 j)f*r 100 (*.(*. (av(*rag(‘ 
2 inj:.)* As llu* nrijiary uric acid is ])artly <lcrivcd from juirincs in the. food 
(]). <^1^7) the l)lood Ica'c.1 will be inlliienced by the diet, esjxicially in renal 
failure. Jt is claimed (but Jiot explained) that uric acid is the lirst. nitrogenous 
constitu(‘nt to be retained in nepliritis; in uraunia valu(*s as high as 27 mg- % 
ha.ve been rtu-orded. I^lood uric acid is, however, also rais(‘d in (font (p. 898) 
and in c.onditions associated with exc(\ssive destruction of the nuclei of wdiite 
blood (rorpuscl(\s (leukicmia, juieumonia). 

(vi) Plasma Ma •, ('I', /v and Phosphate. Wit h these fhrcshrdd substanc(*s 
the |)roblem of their excretifui by the kidm^y is (piite flillen'nt from that of 
urea and the otlier no-threshold substan(‘es (see Table). 



Na.+ 

cr 

K ’ Phnspiia tc 

1 Masri 1 a concentratio 11 




(mg./100 c.c.) . 

Total liltered in 170 L 

.‘{.‘WJ (mg.) 

305 

17 3 

of glomerular filtrate* 
in g. (24 hours) 

.%() (g.) 

b 2 o 

20 5-1 

Amount normally ex- 



creted in urine in g. 
(24 hours) 

r> (g-) 

9 

2-2 1-2 


In the ease of Na'^ and VV about 99‘,'o of the amount tiltered is reabsorluKl, 
J 2'’o b(*ing excreted. JI(‘absorj)tion is adjusted to maintain the appropriate 
level in tin* ])lasma, and is diminished wh(‘never \a.* or (•!' t(*nd (o accumulate. 
-Examination of th(; data in the Table shows that the volume of glomerular 
iiltrate could be reduced to onc-fifticth tif normal while ])ermiUiiig full excretion 
of these substances. A rise of Na* or (•!' level in the blood (*an accer be tlu^ 
r(*sult of reduced glomerular liltration but only of virtually cfuuplclc cessafion 
(tf sucli liltration (or of pathitUnjicalltj increased reahsorptiou). Tin* intake. 
(a)uld b<^ excn*ted at one-fifth the normal fiJtratioti rate ajid HPO," at- onc- 
quarier. detention of ])hos])hate and perhaps of K‘ (rise in t heir blood level) 
does occur in renal failure. [The elfeet of ])arat hormone on phosphate 
excretion is (.amsidered on p. 1003 ; for eifeet of adrenal cortex on ><a+ and K ■ 
ex(?retioj\ see ]>. 94r>.J 

2. Detailf.I) Studv of Kf.vau Dv.vamics. -In more r(‘fijied analys<*s 
of renal function the following data should be obtain(*d : (u) renal plasma 
flow and total blood JUnv (diodrast clearance value (p. 30)) ; (h) (glomerular 
liltration volume (inulin clearance value (p. 35)) ; (c) filtration fraction 

(p. 27) ; tubular e..rcretorj/ maximum (T,u). ix\ maximal ])ower of the renal 
tubules to excrete s|)eeific substance, c.(j. <liodrast (p. 4(»). 

Extirpation of the Kidneys. — Latent (Asthenic) Uraemia.* - 
liemoval of one kidney results only in a transient increase in the non-protein 
nitrogenous com])ounds (N.P.N.) of the blood. If thr(*e-qua.rters of the renal 
tissue is removed, recovery may take place with little change in the blood 
urea and N.F.N. if the juotein intake is modest ((‘f. p. 71), but on liigh 
protein diets the blood nitrogen rises. 

If both kidneys are removed, or if tlnu-e is obstruction of both ureters or 
^ Harrison and Mason, Medicine^ J937, i6', 1. 
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of the renal tubules, a clinical syn(lroln<^ develops to wliicli the io.nn lalmf 
(asthenic) uramia is applied (cf. ]>. JS3). There is a j^reat iiuTcase in the 
non-protein nitrogenous constituents (N.P.N) of the ])lood. I’lie rise in blood 
urea may sometimes be to as much as 9lH) tng. per lt)l) c.c. Anvimwla does 
not appear in the blood (it is nornnillf/ absent from blood) as it is made by the 
kidne 3 's. The patient looks ill and cach('ctic‘, amernia dev(*lo])s ajid body 
temperature becomes subnormal. There is a y(‘llowish-grey discoloration of 
the face and lianda, and cruf)tions (vesicular, })ete(!hial, or h{T*morrliagi(‘) 
appear on the skin. The mental state is one of apathy, listlessness, and ready 
fatiguabilitv ; tht‘ ])atient moves and speaks slowly, dozes frecpiontly, but 
answers intelligently whtm roused. The ttuidon rellexes are initially exag¬ 
gerated and later depressed ; muscular twitching is common but convulsions 
are rare, 'fhen' is a good deal of gastro-intestiiial derangiunent, consisting of 
vomiting (which may b(‘ copious even whtm the (diang(‘s in the blood are 
still slight), (!olitis. and diarrh(ea. Ites[)i7‘a.tit»n becomes deep and sighing. 
There is little ij antf rise of blood pressure, ev<‘n Un-minally. I)eep coma sets 
in a f(‘vv hours l)efore death, which occurs after 5- 7 days. 

i\Ii:rnANiSM.—Tluuv is uncertainty as to the mode of causation of the 
symjjtoms of latent uraunia., 

(i) There is surprisingly little evidence that tin* accumulation of the end 
products of protein metal)(»lism is harmful. Jt is true that if cj'lrentelu lartje 
amounts of vreo arc given by mouth to normal ])(*ople they prov(‘ toxic : 
but an im|H»rtant factor may then be the incr(‘as<M;l diuresis and resulting 
dehydration. Nitrogenous retention without water loss can l>e [produced l)v 
implanting the ureters into tim small intestine : the nitrogmious bodies an* 
reabsorbed into tlie blood. When their concentration rises rnarkc'dly, no 
obvious symptoms arc set up. Again, there is no close relatiorisliif) in cases 
of latent urauriia l)etwe(Mi tlie blood urea level and the degree* of intoxication. 

(ii) Urea, (in uraunia) is pnisent in higli concentrations in the intestinal 
ntiivosa : it is suggested that it may d€‘.compos(*. locally to form amimmia 
which is highly irritating and may be responsible for the gastro-intestiiial 
disturbance. A urease (e.apuble, of splitting un^a and n*.leusing NlLj) has be.e.n 
demonstrated in normal gastric mucosa. 

(hi) Large doses of creatinim* are not toxic. 

(iv) Th<‘re is little cliaiige in the l)lood reaction. 

(v) Tlie serum (T and Na " may rist* b(*cause of n*tentiou if the secretion 
of urine ceases, or fall through loss in the vomit or fa*e.(‘s. IJistiirbances in 
the electrolyte balance may ])jodu(!e serious symptoms ((‘f. p. (>5). 

(vi) Herum and phosphate iiiere.ase as a result of retention.*’ Tlie rise 

in phosphate may secondarily lf»w^er serum level. (Miang(\s iu K’■ and 

Ca++ balance are knowm to affect t he excitability of Jierve fibres, nerve centres, 
and skeletal mus(‘le (p}). 520, 52.‘h ItK)4). 

(vii) Finally some unknown organic metabolites may be a factor in 
causing the coma. 

Nephritis. —The classification employed here is that of Ellis, Evans, and 
Wilson ^ which is based on a foilow-uj) of about bOtJ eases over a p(‘.riod of 
20 years ; 200 of these ceases were examined histologically after death. They 
divide nephritis into two main types, ij;. Type I and Type 2. 

* Ellis, Jjancet, 1042, i, J14, 72. Jfadfielfl and Garrod, Recent Advances ui Pathology, 
5tii Edn., Loiidoii, 1947. 
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(!) Type 1 Nephritis (diffuse nephrilis: (flomendoitephritis; wlla7n- 
matory Bnyht s disease).- 'J'his c^oDdiUoii alTects inauily cliildnM) and youii^ 
adults. A liistory of acuU* iiifWtiou, usually of tlia upjter resjiirutory tract 
is ^(ciierally obtained. Tlic ons(*.t is abrupt arifi accoiiipaiiifid by malaise, 
voinitiufi, and headache ; ^ross haunaturia is usually found at this stage. 
(Kdenia is })resent at the onset alfecting tlie fac«i and ankles ; it is not pro¬ 
gressive and is of short duration. Hypertension of varying degree is an early 
sign ill most case.s. (.)ver 80%, of the (tases make a comple.te recovery ; the 
rest either die in th(^ acute stage or pass into a state of chronic nejihritis. 

In fatal cases the (fkmieruli throughout the kidneys are aifected by u 
spiicific iiiflammatory })rocess. Initially there is increased glomerular per¬ 
meability as shown l)y tin; ])assage of blood or albumin in the uriini; histo¬ 
logically the capsular sjiace is filled with exuded leucocytes. The capillarv 
endothelium of the glomeruli and the ejuthelium of Bowman’s caj)sule pro¬ 
liferate and obstruct the blood flow through the glomeruli. This inflam¬ 
matory renal ischaunia (like experimental renal isclnemia (p. may la*, 

supposed to (*ause hypertension by release of excess renin and consequent 
production of iiyjjerteiisin (p. ‘>4b). In cases that do not resolve quickly 
the hy]a*rl(*nsion in its turn damages the blood vessels, with a special pre¬ 
dilection for the afbjnmt glom(*rular arterioles. The ischamiia of the kidney 
is aggravated, more renin and hypertensin are formed, and a hypertensive 
vicious ci/ndc is set up which (as explained on p. 357) leads to jprogressive 
destructi(Mi of the- kidneys and death from unemia, h(*-art failure, or vascular 
accidents. 

The renal ha'inodynamics have not Imm'ii adequately studii*d in acute <r.ases 
of Type I nef)hlitis. It can lu^ assumed from the pathological changes that 
both the renal blood How and the glomerular filtrate volume are reduced, 
leading to failure of renal exendory activity. Tin* volume of urine is 
reduced, e.y, to 100 c.c. or less; the urine contains blood, albumin which has 
leaked out of th(* jdasma as it passes through the glomeruli, and casts from 
the injun‘d tubules. Water, el<*ctrolytes, and waste*, products are retained ; 
the ])lasiiia volume is increased ; the blood urea and noii-protein nitrogen 
rise ; the ])Iasma ])rotein concentration IVdls. It has been observed that in 
cases in which the blood ])ressure is normal or only slightly raised the volume 
of urine is very small or anuria develops ; the moderate hyjpertension com¬ 
monly present thus lias some compensatory value, in driving blood through 
the affected glomeruli. If the hyjpe.rtension is seven*, (over 170 mni. Hg) 
cerebral chang»*s oc<*ur d(*.scribed as hypertensive enrephalopathy which an* 
probably the n*sult of abnormalities in the blood supply to the brain ; the 
symptoms are seven* headache, vomiting, excitjunent, convulsions, blindiuiss, 
and coma. 

(2) Type 2 Nephritis (chronic parenchymatous nephritis ; nephrosis ),— 
The age distribution is wider than in Type 1, most of the cases occurring 
in adults. The onset is insidious without any history of an acute iiiftHdaon. 
Probably the first indication of the disease is albuminuria ; there is no hiema- 
turia at the onset. Patients usually first seek advice because of the develop¬ 
ment of cedemia, which is invariably present and is progressivti, persistent, 
and often very severe. About 95‘Vo of the patients die of the disease. 

In the a)deTnatous ])hase the distinctive ylomerular lesion is a hyaline 
thickening of the basement membrane of the wall of the capillary loops ; 
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tins iinatoinicftl clningc is associatod with f^reatly iiicrcasod (‘af)illary per- 
ineahility to prol<*in wliicli loads to tin* loss of alhuinin in tin* urine. Tn this 
phase the renal fulmlrs an* eharaeteristieally a fleeted : tin* lining cells contain 
lar^e amounts of anisotroph- lipide material. Tin* (edematous pha.s(* may 
p(*rsist for years and the pati(*iits an* very liable to di(‘ of s»‘eondarv infection, 
'fhe ^(lomerular change is relentl(*ssly pro;j:n*ssive and so(un‘r or later tin* 
glomerular capillaries heconn* (obliterated and hyaliniz(‘(l. Tin* result is n*nal 
iselnemia with r(*sultin^ hyp(*rtension and renal failure. 

The glomerular change in 'lyp(* 2 in*|)hritis (/.c. incn*as(*d p(*rm(*a.bility 
with ade(piat(* blood flow) accounts for the albuminuria which in its turn is 
indirectly the main caus(* of the (edema (j). 112). Tin* functional results of 
tin* early tubular changes are unknown. 

Other (Uhses of RiiNAi. I nmury. —As (*xplairn‘d on j). GoG the commom*st 
cause (jf renal damag(^ is (‘ss(*ntial hy])ertension. Tin* kidin?v is also involv(*d 
in a variety of miscellaneous dtsorders like py(‘lonephrit;is or polycystic, kidney. 

The tmd result in all forms of renal damage, if the joatient surviv(^s long 
(uiough, is progressive obliteration of the glomeruli, atrophv of the c-ori’e- 
sporniing tubules ; renal iscluemia ; renal failure ; liy[M‘rt(*nsi()n and its 
usual S(^(piela‘ ; this condition may be calltHi chronic nephritis. 

Chronic Nephritis Jn this ])has(* of the disease pati(*nts geinu;ally 
show varying degrees of reduction in r(*ual blood flow and in the volume of 
the glomerular filtrate, de])ending on the sev(*rity of tin* cas(*. Nitrogenous 
retention (raised blood urea and N.T.N.) c.()nsi*(pn*ntly develofks. Damage 
to the r(*nal tubul(*s impairs tin* r(*a,bsor])tion of wat(*r : tln*re is polyuria 
and the urine has a low sp(.*cilic gravity. Kailun* to (‘.\cr(*t(‘ acid railicals 
(])hosf)hat(^ and SO,/') may l(*ad to acida‘mia ; this condition is aggravated 
by the diminish(‘d ])ower of the kidney to jna.k(* NH.j to neutralize* the cxc(*ss 
acid radicals and by tin* decn'ased reabsorption of Failun* to 

r(*absorb tin* normal amounts of Na' and (T may cause sonn* salt depriva¬ 
tion. The failun* of the NH.j nn:*chanism involv(*s droinnijc of fixed hose 
from the hodif. As bas(* is being lost t]n*re is no rationah* for tin* coJiV(*n- 
tional low .salt di(‘t in this type of in*phritis. An omjde salt intoke should 
be [)r()vid(*d to preserve the eleetrolyU*. |)attern of tin* ])lasma. 'Fhe [>lasma- 
chang(;s an.* thus complex and variable. Examination of 7’ejial fimction l)v 
modern methods in chronic jn^phritis indicates that pati(*nts show varying 
d(*gr(*(*s of reduction of r(*nal blood How and of the volunn* of glonn*rular 
filtrate, depending on the s(*v(*ritv of the cas(*. 

Sthenic Uraemia. During the acute })hase of Type 1 in*phritis or in 
the terminal ])hases of chronic n(*j)hritis or (?ss(*ntial hyj>ertension a. syndrome 
may d(*v(*lop known as sthenic iirfcinia, charaetterized by mark(*.d nitrogenous 
retention, (Ivspjui'a, marked hyperten.sion, often (*pilej)tiform (‘onvulsions, 
and gastro-iFitestinal disturban(;(*.s. Tln^.se findings are dm* partly to failun* 
of renal excn*tory activity and partly to circulatory disord(*rs. 

(1) Jh.(R)i) Chanc-es. Th(^se are due to renal failun*, and the chang(*s in 
fluid and eh'.ctrolyte balance resulting from diarrhfea, VTuniting, and the 
forms of treatment enifdoycal. 

(i) There is an increase of the non-protein nitrogen (N.P.N.) from tin* 
normal l(*vel of 25-40 mg to 50, lOO, or even 300 mg % ; the blood ur(*.a 
may be 200 mg- the uric acid 5 27 mg %, and the creatinimj 2 10 mg-%. 
Exceptionally the level of blood nitrogen may be little altered. 
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(ii) All incroas(> in siTUin [ihospiiato and a (cons(>(|iu*rit) fall in the scruin 
calcium (to G hav<‘ been noted in some f'ase.s ; this m.ay be the cause 

of the twitebing that occurs, Kr. it is analogous to that se(jn in tvtany (p. 1(M)7 ). 

(hi) Jn some cases ol uraunin tliere is a consideralile metabolic ” acidiemia 
owing to th(‘ renal disturbance's described on ]>. 7G ; there is conseapientlv 
great hy|)er|)ncr>a, ami a resulting c<nnp(‘nsatory fall in tlie alveolar and 
arterial COo tension (p. loG). The aeddiemia may give rise to convulsions and 
coma, ami lurther damage* the* re*nal tissue*. If alkali is given in sufHe*ient 
doses to restore* the merrnal ble)e)el re'action, ihv. convulsieuis may e;ease*, con¬ 
sciousness is restoreel, ami there is iinj)rove*d re'iial function, as shown by a 
eliminishe*el aimuint of albumin and casts in the urine*. The* impre)ve*ment is of 
ne*e*essity euily tenij)orary. 

(2) KKSiMKA'i'e)UV (h[A\e;i-:s. — As a re*sult of the* poisoned and eie*])re‘ss<*d 
(‘onelition eil the*: re*sj»irat()ry e*e‘ntre, (‘he*vm‘-Ste)k(*s ))re*athing (j>. 4<)d) and 
paroxysmal elysjemea (|). Kid). e*sf)e*cially at night, may be; pr«*se*nt. 

(d) (eASTme-Tx'i'KSTJXAi. (diAXe^KS. Vomiting anel eliarrheea. are common. 
Veimiting may in j»art lee of e-e*rebral origin. l>oth dist-urba!ie*e‘s may be* 
elm* te) irritatiem of the nnie*e>us membrane e)f I he^ bowf*l from the; e*xcretion 
into it e)f seune liypeet he*tie*al j)oisom>us beeely or tlie fe)rmation ejf ammonia 
from retaine*el ure‘a (cf. p. 74). l/lceration e)f the* beiwel (coleui, lower ileum) 
is e)fte;n prese*nt. anel may be asse>e-iate*eJ wit h bloeaiy stoeds. 

(4) H vl'KlJTKXSiox AXi) (dxvn.sje)xs.- The* hype'rte'usion in sthenic 
nra'inia is not elm* to the* re*te*ntiem of sub.stance's m)rmally e*xf‘retej;<l in the* 
urine* as it eJoe's not occur after de)uble nepiire*cte)my e)r bloe-king e)!’ the* ureters 
(p. 71). The* hype‘rte*nsion is elue* to m*ure.)genic or humoral fae'tors. r.y. 
incrt;ase;el sympathe'tie* activity e^r (u*e*sse>r substances rele*ase*el by the kidneys 
eu' e)tjie*r organs. 

(Vmvulsions like* tliose* se*e*n in sthe*nic ura.*mia may e>ce*ur without signs e)f 
re*nal failure* in e*ss(*ntial hype‘rte‘nsie»n : the* symlrome is known as hypnienslrr 
fhccphuhypathy. The* e*onvulsie»ns are* attribute*el te) ce*re*bral a.na*mia re*sulting 
freun spasm of the* e-e*re*bral arte*rie)h‘s or obstruction e)!' these vessels by small 
thre)mbi. 

Another lae-teu- may jilay a jeart in the n*nal e*ase*s, namely rnrhrffl (vdvnm 
and raised intraeranial pressure. Attentiem Jias be*e*n eirawn ([), ob) to the* 
rese‘mblane*e* be*twe*e*Ji the* sym])teuns eif water intoxication anel theise* e)f .sthenic 
ura'rnia. JiUmbar pune’ture* in ura*mia fre*ejue*ntly re*ve'als the e‘erebre>spinal 
Huiel te) be unde*r ine*re*ased j)re*ssure ; after re*moval e)f the* e*xce*ss fluid 
te*mpe)rary imj)re)Ne'me*nt may e)e*e*ur. One* e*an n*aeiily umlerstaiiel he)w 
cerebral e.vele*ma may e-ause* lie*adae*he*, vomiting, le)ss e)f sight, ce)nvulsive move.*- 
ments, and e*oma (p. 12")). It enay alsei be* suppose*el that hy])ertensie)n may 
some‘time*s elevelo]) seceuielarily te) tlie inervaseal intracranial pivssure* ; it vvOiilel 
then re*pre*s(*nt an atte*m])t to maintain an aelee]uate* e*e're*bral cire’uhition. 

Oe)mple*te reuial I'ailure* e*ause*s ele*at.h in alieiut 10 days. Jn seiine* e;ase*s eif 
acute failure the*re is reason to be'lieve that if the* patient e'eiulel be kept alive* 
suflici(*ntly long the; kieim*y might re*e*over its rune'tieiiis ; for this r(*ason 
attemjit-s have* be*e*n maele* to elevise a te*mj)orary artilie*ial sub.stitute* for the 
kielimy. It is elitVicult te) asse*ss the value eil' tiie*se seimewhat lieroie* me;th(xls 
as spemtammus re*cove*rv se)metime*s occurs after a Jiumber e)f days witheiut 
such fivatment. The two jirincipal im*thods use'el are (i) the “ artifie*ial 
kidney ” ; (ii) j)critom;aI lavage. 
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Artificial Kidney. —The a]>|>aratus eorisists essentially of 30 15 inetr(*s 
of cellophane tubing? spirally wound round a cylinder which is rotated in a 
tank of warm “ rinsin^jfluid consisting of a modifi(‘d Hinders solution. 
The patient is lieparinized and his blood Hows Iroin a cannuhi insert(*.(l int-o 
the radial artery throufrli tin* cellophane tube wIkuiccj it is |)iim|>od back 
into a A’^ein. In this “ kidney '' exchange ot dillusiblo crystalloid substances 
takes place between the plasma and the surrounding rinsing liuid. As the 
latter is free from nitrogenous waste products, these diiruse out ol the plasma 
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Fa;. 44. Kesiills of Trral ineiit w il h Arlilirial Kidiu v. 

l^ppcr rpconl : Hloocl urea in mjr, per KM) t*.o. 

Lower refonls : Volume ol' ijrifK! in < and amount of urea in uramines exeret»'d eaeli «lay. 

The rei'ords are Irom a man a^'ed lix who hati shown sinus oC nlomenilonephritK lor :{ weeks. The l»looil 
urea On admission was 7U<) mn V<» : i>looil ]»re.ss(jre : sy.-sUdie diastolic Jno mm. iin. 

In the first dialysis 120 litres of lilood were eireiilati-d tfiroiinli the artificial kklney ■ "t v^i.r.. 

thus removed aild the hlood urea fell t<; IIM) mn %, 

Durinu this jieriod the daiJi/ excretion of urea in the urine was only ahont (> n- 

The. hlood urea rose anain to MKft run %. A seemid dialysis <if 72 litres of hl(a«l led to (he removal of' 
i)G g. of urea. The fintient died of lieart failure. (W. .1. Kfillf, A>/e H'w//*.- of Tmithnj Urmniu, 
Churchill, Loudon, 11)47.) 


and d.rc thus " excreted '* ; by suitably modifying the comjiosition of th(‘ 
rinsing fluid the phisnia cfin be nui.de to fake up or lose sucli constituents as 
wHt<*r, Na’, K+, (^T, or 11+ ions. Though the blood flow through the machine is 
100 2(M) c.c. per minute coniftarod with a normal renal blood floAv of 1200 c.c., 
it can “ clear ” HO-lbO c.c, of plasma of its urea content, compared with a 
notrnal renal urea clearance of 75 c.c. Figs. 44 and 45 show that Vf'.ry larg(‘ 
amounts of urea can b(; eliminated by tin* artificial kidney with a corres[)()nding 
lowering of the initially high blood urea hivcl ; other waste products jirc 
simultaneously got lid of, <'.<}. the blood crcaiiuitie may fall from 5-4 to 2*3 
nig-% and the blood uric jicid from 9-7 to 2*3 mg-”;,. Kollf * ivcofumends 
that the use of the apparatus be considered wben tin* lilood urea exceeds 

^ KoUf, iWtr Ways nf Trealiin/ (htmiia., London, 1947 ; Clerdand (Uiti. Qmrt.^ 1950, 
17, 210. 
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350 The great limitation of tlie maoliine is that it is inanimate and 

lacks the power of the normal kidney of sensitively responding to changes 
in blood composition in such a inaumir as to preserve the constancy of the 
milieu interieur. With t he machine all kinds of derangeimnits of Hiiid and 
electrolyte bahuice may occur with all their iin<i(*sirahh‘ consecpiencos. But 
some liv<*s liave, been saviMi by its use. 
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Kk;. 45. 1 Jesuit.s of'J’reutincut witli ArtiliclaJ Kidney. 

Upper n;cord : IlliKul urea in mu. pur 30U c:.c. 

F.o\vrr rcrordfi ; Volume of iirim* in e.r. and amoimt of urea in grammes, excrotod uurli jluy. 
riic recordn are from a girl ancil 13 who developed aruto KlonieriilonephrltiK. On admission aha had 
o'dema nC the luiii^s, tironctuiiim'umoiiia, ryaiiosls, rurdiac ( iilarpciiu'nt, and an enlari^ud tendiT 
liver. Shf was vi‘ry ill, restl« ss and disorieiitateiL lUootl pressiiri' : .s>.stolie 120, diastolii; tVu mm. Hp. 
Thrn* Jiad been umiria for a werk hel'oiv adiiilsKhm. 

niood ijn’a on admihnioii, mp .L of tlie patient’s blood amtc dialy.sed tJiroiipli the artilirial 

kidney in hours ; diirinp this period 45 p. ol urea were remc»\ jnl. The blood urea lell fnun 2l)r» 
to 140 inp 'J'he Ilow of urine resrarlt-d diiriiip the »luil>sis atui p[oprt!s.sively increased. The 
jiatient recovered. (W. .1- Ktiltf, Ae/e H'ujfs oj Trt'utiuu Vnvmia. Churehill, Loudon, 1047.) 

PmirroNKAL IjAVA<;k. Tlie rin.sing fluid is ])erfus(id tliroiigli the [Mui- 
toneal ciivity ut tiie rate (d* I litre jier minute, and dilTusiun takes place- 
hctw(‘en it and t,he iiitestinal and |)eritoneal capillariiLs. This method is much 
less ellicient than th(‘ artificial kidney, the urea elearance for example l)eing 
only 15 c.c. per minute ; hut it lias the imnit of ndativc simplicity. Even 
witli tliis proeednrt* control of tin* <*lectrolyt<^ balance by nn'ans of frecpient 
blood determinations is essential. 


IM.ASIVIA VOLUME. (’ELL VOLUME. TOTAL BLOOD VOLUME. 
KKCUILA^^lOX OF BLOOD VOLUME^ 

I'he measnrenteHf of ])hisma volume, cell volume, and total blood volume 
is described on pp. b ef xeq. 

Plasma volume regulation is )>art of the general problem of body water 
regulation. Cell volume dt^peiids on the number and .size of the cells; as 
‘ Howntm? Hint Brown, Vcdvinp. of HIoihI and Phifona in Jhalfh ami J>i.sea.se., Phila., 
1929. 
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the vast iiuijoritv are orythrocytes the coll volume (ie|)eii(Is on the /letivity 
of the blood-forming^ system (red marrow) and the blood-destroyinfj system 
(macrophages). IMasma volume and cell YoIimn‘ may vary independently of 
one another and are inlhienced by (piite distinct s(‘ts of factors, in abnormal 
states larg(* variations in corpuscular volume, occur (due to anaunia or 
])olycvthaunia) ; these art‘ more compatible with life than chang(\s of similar 
magnitude in the plastiia volume. The state of th(‘ blood volinne depends 
on the accura{*y or otherwise with which its constituent parts plasma 
volume and cell volume- an* r«*guiated. 

Normal Blood Volume. -The voluim*, of th(‘ blood in normal subjects 
(mal(‘ and female) is 70 100 c.c. per kg. body weight ; that of tln^ ])lasma is 
40 Go c.c. per kg. (averag(‘ ;">() c.c. in males. 18 c.(*. in ftunales). The volunn's 
are more closely relat(‘d to surface area : p(*r squan', metn^ of body surface 
(cf. p. 378) tin* volunn* of tln^ blood is ^oOO-HMK) c.c. and of the plasma. 
1400 2.000 c.c. (averagt* 1*8 litn‘s in iiiales and 1*G litres in females). Tin* 
total blood volume is about one-eh‘venth of the body weight, or t» litres in 
an average adult. 

The blood and ])lasma volimn*s vary with age : l)(‘fore puberty, tin* 
volumes in relation to body weight ai’e lu'low adult standards, '.rin* blood 
volume increases during pregnancy and falls again after dt‘liverv : this fall is 
only partly accounted for by the luemorrhage assf)ciated with parturition. 

J)lstki]bi;tjo:n of Blooo in Diffkkknt Oinuw.s. Few data on this 
subj(*(!t are availabh? for jnan. The Oro Icf/.s (Uid arms together contain at 
rest about of tin*, blood volume. If oeelndijig entfs an*. ap]>iied to three 
of the litnbs and disteinled at diastoJi(; l)lood juvssure, the arti'rial inllow 
continues but the v<*nous r(*tnrii is stopj)ed : ma.ximal v(*nons engorgement 
of the limbs takes place, 'fin* additiamil volume of blood in the limbs may 
be 900 c.r. This j)ro(*(*dnre dcjiletes tlie g(*neral cingulation of l)lood ainl 
produces the ellVnrts of a v(*nesectio!i of e(pial size ; it may be employed as 
an emergency measure in (;ases of (rongestivt* heart failun* to dr‘.cn‘ase the 
central venous pressure and the load on t,h(* heart (Fig. 159, p. 275). 

The lataj vessels in man contain about one litre of blood. This Idood may 
serv(’ us a r(*serv(hr and lx* discharged in part into the systemic circulation 
during (*mergencies ; thus after venesection to the e.vt.ent of 380 c.c., the vital 
caf)a.(‘ity may incr(*ase by 150 c.c. and tlie total lung volume ]»y 180 c.c. owing 
to a decrease in the capacity of the ])ulmonary vascular b(*d. (V)nvcrsely, in 
circulatory plethora e.xcu’ss ilnid is st-ored in conge.st(*d j)ulmonarv ves.sels. 

Regulation of Plasma Volume. This is t*lfected in two main ways : 

(i) By aj)])ropriate adjustments betw(*en tin* plasma, and tin*, rest of the 
body fluid ; 

(ii) by adjiistriients in the* volunn* of urine secret(*d. 

Some r(‘levant g<'neral oliservatioiis on the regulation of tin* volunn^ of 
fluid ill the different c.ompartmenl.s, fully discussed elsewhere (pp. 55 G7), 
may usefully be summarized here. 

(1) Simple cjTcss water is stored uniformly throughout all the Iluid com- 
j)artments, with an ultimate uniform fall in the crystalloid osmotic pressure 
of all the body fluids. 

(2) Simple water loss leads to a uniform ch^urease of water content and an 
increase in crystalloid osmotic pressure in all the fluid compartments. 

It sliould be noted that in simple whaler excess or loss, the, j)lasma volume 
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is “ bufi'ere.d ” (|)r()U‘ct(*(l) l>y all tlic rest of the Ixaly lluid. A^ain, as the 
secretion ot the aiitidiuretic hormone, is sensitively !‘(‘^ula1ed hy the crystal¬ 
loid osmotic ])ressiire, tin* response of the kidney to sim|)le water exc.ess or 
loss is prom])t and effective, s() not only is the volume of tin* ]>lasma preserv(*d 
blit also that of tin* other body Iluids (p. bo). 

(b) Siniph^ sftit (A'r//7) exrrs.<i raises the crystalloid rismotic pn*ssnre of the 
plasma and the interstitial lluid : cmisequently lluid is withdrawn from the 
intraci‘lliilar into tin* extracellular compartment. Extracellular fluid in- 
cludirifr }>lasma volume increases, while intracellular fluid v(dume decreases 
In other words, the. normal distribution of fluid in tfie thr(‘(* compartments 
is “ sacrificed ” in the interest of minimizing t he rise of crystalloid concentra¬ 
tion in tin* extrac(*IIular fluid (p. 0*2). 

(4) In simph* salt (XaCI) deftcinirii l.he reverse changes occur (f). 01). 

The renal resjionses in (b) and (I) are (‘on.sid(‘red on [)[>. 03, 01. 

(b) Administration of an isoamotic (/.vo/oa/c) Ab/fV solution. leads to an 
increase in the extracellular fluid volume including that of the plasma. As 
then* is no change in the crystallohl osmotic ]>ressure of the. plasma there is 
no movemout of tluid into the. intvaeelluiar com])MTiinent wiiich in this condi- 
tion does nat in*l)» to protect the extrac(‘llular fluid volume (p. 00). The 
excess plasma volunn* is trauslerrc'd to tin* interstitial eompartmeiit, Jiot by 
crystalloid osmotic pressure changes (for none occur) but owing to an increase 
in ca/nllarif blood /nrssare ainl a decrease in plasma protein osmotic pressure 
(p. lb). The renal changes an* corisiden*d on [>. OO. 

The ])res(‘rvati(m of the relative eonstaney of tin* plasma volume iii a 
variety of conditions is discussed fully el.sewln‘re as follows : 

(i) Effects of water drinking, p. bb. 

(ii) Effects of water deprivation, |). tiO, 

(iii) Elfe(‘ts of salt excess, p. 02. 

(iv) Elfects of salt <ieprivation, j>. 01. 

(v) Elh^ets of iiitrav(*nous injei’tion of isotonic saline at different rates, 

])p. b‘), til. 

(vi) Effects of drinking isotonic .saline, p. 02. 

(vii) Elfects ing(*sting or injecting hypotonic or hyp(*rtonic .saliin*, 
pp. 120, J27. 

The interchange of fluid bet.W(*en the ])iasnia ami the tissues at rest and 
during activity is (M)nsi(h*n*d in (h*t.ail on pp. 18 21. 

Haemorrhage. -The elfects of hjcmorrhage depend mit only on the 
volume of hlood which is lost, but also on the rate at which this loss occurs. 
The eompi'iisatorv powers of tin* body are very great, but tliey take, time to 
dev(*lop their maximum elf(*et. so that a sudden large lueniorrliage is mon* 
s(*rious tlian a greafcu’ loss spread out over a more firolonged period. 

lAiMEJiiATt: Effects of Severe ILemoiikiiacje. The efleets of a large 
acute Jiamiorrhage in man have been studied l)y withdrawing 15-20% ol 
the hlood volume (750-1200 c.e.) in b -13 minutes under carefully eontrollcMl 
conditions in jirofessional dcmors who had h(*(*n n*peatedly bled and were 
thoroughly familiar with the offoctuS of venesection,^ As the bleeding pro¬ 
ceeded the face turned pah*, and the hands becaiin* cool and sweaty- The 
systolic blood [iressurc* lei I by about JO nun. Hg, the diastolic pressure was 
' Ebert, St<‘a«l and Gibson, Arch, irU. Med., 1941, 583. 
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unchanged, and the heart rate rose by 15- .‘K) beuts per Tiiiiiutc? ; the venous 
pressure fell eonsidtuably. Five oF tlie six subjects d(iveloj)ed signs of circula¬ 
tory collapse 1 1 niinut(^s after the end of the venesection : the blood ])ressure 
fell markedly, the heart rate was low<u'ed tc» 55-50 beats per minute and the 
skill colour became ashen gn*y. Th<^ siilijects felt- very weak and vision w^as 
blurred : they complained of nausea and retching, sweated a good deal, and 
responded slowly to words of command : oik*. subj(*ct lost consciousiKiSs. Jn 
two of these subjects who were untreated tlie heart ratc^ r(unaiiied slow and 
the blood pressun' stayed below liM) mm. Hg for 30 minutes. During the 
next 12 hours their circulation was adeipiate in the recumbent position, 
though pallor persisted, but if they stood up tht'v faint(^d. Afttu 21 
hours they could get out of bed safely. 



O 4 8 12 16 

MINUTE.S 


Fig. 45 enal>l(‘s the sequence of (‘vents iii 
luemorrhage to be follow(*(l. 

(1) filood VoluiHC and Cardiac Out put. . 

The loss of blood, of course, de(‘reas(.\s the 
tdood Vfd'fnne ; the vtmous prc'ssiin^ ainl th(‘ 
right auricular pressure fall (c.//. from 12 to 
7*5 cm. saline) ; the V(moiis return is dimin¬ 
ished and t]it‘ cardiac output is r(*dii(*.(*d (c.p. 
from H*0 to 5*u litres per minute). 

(2) lHood Pressure and Peripheral Circula¬ 
tion.- TJie blood ])r(rssur(‘ vari(*s as the j)ro- 
du(‘t of the cardiac out])ut and the peri|iheral 
n'sistance (p. 302) ; if all other factors remain 
unaltered halving the cardiac* output should 
halve the blood jnessiin*. In fact, how(‘V(‘r, 
the blood pressure only falls by soni(‘ 10 mm. 
llg; this indicat«‘s that tht‘ perij)h(M.*al resist¬ 
ance has undergon(‘ a coniptmsat.ory increase of 
about 50 ^’This vasoconslrif‘ti(Ui is dm* paitly 
to diminution of tin* normal Ionic ndiibitory 
activity of the sim*-aortic nerves on tin* 
vasomotor and adrenalini'-secn'ting centres.’ 

' In atI(fit ion pns.sor an’cTeuf iiiifxilsr.'s pass up 
iroin the rhrmnrfrejtforfs which an; Ktiniulatcd hy 
anoxia (j), 745). [Section of tin; vayi aftei* a severe. 
l);emorrhage may 1fi(‘relor-e cause, a inarktal fatt (»f 
pres.siire (Kig. ISS).] 

Fia. 45.- CireiiJatory Chang(^H in soveo^ TIaanorrhage 
in Man, followed hy a Faint (ef. Figs. InS, laU. 
f». :17o). 

Ucronls from abovi; <lown\var<l.s arc: heart rate per ininutt*; 
pcrci'iitam; rhatmi* in total pcriplnTal r«‘sistaiu‘<* (0 on 
rhart —initial Invel in sui»j‘-*ct); systolic l)Ioo(l iircsHiirn in 
iiiin. II« ; ri^lit auricular pressure, in cm. ol .saline ; curdiue 
output in litres per minute. 

Kapid venesection to lOMU <’.e. in JO mitiutes was followed 
by a faint at tin* point indieated on chart. Note that the 
onset of the faint is a.S8oeia(e<i with a marked fall of blood 
j»ressup* (hi 40 iiiiJi. H»{), slowing of the heart, and a great 
decrease in the total piTiphernl resistanee ; the last change 
is tine to .sudiJen marked dilatation of the muscle blood 
vt'ssels, fUarcroft, I'idholin, M'.Michael and Sharpey- 
Schafer, iMnvet, 1044.) 
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The vasomotor centre diachargeH more actively, leading to greater constriction 
of the »kin v(‘ssels (ae(;ounting for the cold pale skin) and the splanchnic 
area, iiiehidiug tlie renal vessels ; the direct de])ressor efl‘e(^t of the h»nnorrhag(* 
on tlie blood ]»re.KsnT(i is thus, for a time, largely kept in check. Adrenaline 
secr(^tion is increased and acts peripherally to produce the same effects. 

(d) Tilood Stores. -Tlj(‘ spleen contracts in some sfjccie.s (hut probably not 
in man), discharging red cells st.ored in its piilf) into the circulation. The 
])ulnionarv V(‘ssels consi rict, exj)elling 150-200 c.c. of blood into the systemic 
circulation (p. 80). 

]iy means of the compensatory reactiems described (chiefly those in (2)) 
the blood flow to v’ital organs like the brain and heart is kept up to the best 
possible extemt under th(* circumstances. 

(‘1) Heart -The heart rate in Inemorrhage (piickens (c.//. from 70 to 

100 beats per minute) in spite of the associated fall of venous j)resBure which 
tends reflexly to slow the heart (p. 272) ; the cardiac acceleration is mainly 
brought al)out refh'xly, viu tin* sijio-aortic n(‘rves, by the fall of arterial 
pressure. Normal vagus tone is the result of reflex stimulation of the vagus 
centn* by aifenMit impulses in the sino-aortic nerves set up by the* arterial 
pressure ; the fall of blood jaessure diniinislies the alferent impulse stream, 
diminislK‘s the sliniulation of the vagus centre, decTeases vagal ‘‘restraint” 
of the heart and so produces cardiac acceleration. The cardiac quickening 
has no beneficial eflect on tln^ cardiac output per minute as the heart cannot 
])ump out more blood than it receives ; the output per heat falls from 110 c.c. 
to 50 c.c. 

(5) Hesjiiration is ndh'xly stiniulat(‘d by the fall of blood pressure and 
the anoxia : it b(‘comes rapi<l, shallow or “ sighing ” in cdiaracter. Because 
of fh(* loss of (jircuhitijig iiaunoglobin. iiaunorrliage l(‘ada to a decrease in 
oxygen-caf rying power : but tliis failure of oxygen transport is less serious 
than the circulatory failun' <lescribed above. Most of th(‘. symptoms of 
Inemorrhage are ra])idly ovtucome liy afi adecpiate transfusion of 'plasma 
(w)iich do(‘s jiot incre.Mse oxygen-carrvifig power). It may also be pointed 
out that the far gr(*ater loss of oxygen-carryiiig power wdiich occurs in 
sev(*re ainemia (c.f/. pernicious aineinia) is not associated with such grave 
symptoms. 

(fl) Renal (duihffes. These an* well illustrated by the following (example. 
In a .s(*v(n(». case of duodenal Inemorrhage in wdiicli the blood and plasma 
volunn’. w ere reduced respectively to 4’1 and 2-9 litres, the glomerular filtration 
(inulin clearance) was only 25 c.c.. and the renal plasma flow'^ (diodrast clear- 
ane(‘) 70 c.c., p(*r rniimte. The decrease in renal |)lasma tiow’^ is due to the 
deen^ased cardiac outjiut and lowered arterial blood pressure combined with 
marked renal vasoct)nstriction ; the filtration fraction in tlie glomeruli in 
the case just recorded was about ()*5 (normal 0*2), indicating selective vaso- 
<v)nstrict ion in tin*, ejfereiit glomerular vessels (cf. ]>. 25). It Bhoiild be 
remembered that in Incinorrliage tliere may be eonstrictioii or closure of the 
interlobular art(»ri(»s ])n*venting tin* blood reaching tin* cortical glomeruli and 
tubvihvs (p. 2fl). wdth diversion of the blood flow through the medulla; the 
<liodrast el(*aranee mav thus give an underestimate of the true renal blood 
flow^ but it measnn's tln^ e.(fective renal blood flow^ wa*ll enough (cf. p. 39). 
Seventeen hours after ree(*iving a blood transtusion ot 850 c.e., the blood and 
plasma volumes w*ere raised in jiatient to 5*1 and 3*8 litres. The glomerular 
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filtrate was 55 c.c. and tlie renal plasma flow 170 e.c*. After coinpI(^i(^ r«M ov<‘rv 
these latter values were 90 and 8J0 c.c. respectively. 

The im})aired renal (wrculation resiiltini? from a luemorrlia^e leads to a 
great decrease in urine How and t-o nitrog(Mious retention in the hlood. The 
J(n'el of blood urea 1 hour after t he haunoiTliage was about 100 nig “o ; 'f 
gradually to normal as the renal blood flow rose. 

(7) Mechanism of the Faint .—When the blood loss is Nerv Iarg(‘ tin* cardiac 
out put falls further, but the outstanding event is tin* failure of t he peripheral 
resistance. The (‘xact cause is not known, but th(*re is marked dilatation of 
the vessels in the skeletal muscles, leading to a (‘ollapst* of tin* blood jiressure 
(e.ij. to -10 mm. ilg). Tiien* is also great cardiac slowing that is as yet un¬ 
accounted for. The diminished blood flow to the brain ri'sults in impairment, 
or loss of consciousness (fainting). [Cf. hfctHorrhaffie shnrl,\ j). ;tll.| 

Kkstokatton ok tuk Hi-ooi) aftkr ILkmoimiliaok. -The Table below and 


Fig. 47 summarize the changes 

in the blood during th 

(* natural 

r(‘eov(‘rv 

liJood Constituent. 

Normal 

Initial 

V'aluea. 

Remove 
: 1070 c.c. 

■ of blood. 

After 

1 hr. 

After 

24 hns. ! 

After 

72 hrs. 

Plasma volume (c.c.) . ' 

29S0 

2430 

2(U50 

2900 

3300 

Red cell volume (c.c.) . ■ 

2770 

2250 

2340 

2300 

2120 

Total blood volume (c.c.) j 

5750 

4680 

5000 ; 

5200 ' 

5480 

Plasma jirotein (g -^o) . ! 

0-8 

; 6-8 

6-3 

0-4 ! 

0-2 

Total plasma protein (g.) 1 

2oa 

103 

167 : 

180 ' 

205 

Added plasma protein (g.) i 
Hemoglobin (g-%) . j 

— 

i ~ 

4 i 

23 ! 

42 

10-2 

1 16-2 

15-8 j 

13-2 1 

12-2 

])rocess aft(‘r Inemorrhagi*. 

Fir.st 

the water. 

then the ph 

isina jiroti 
1. 

‘ins, and 

lastly the lost ha-nioglobin 

and re( 

1 blood celts 

i are r(‘stf)re<i 



(1) Fluid Ix'gins to Jlow intc) the blood from the tissue spaces alimist Ix'fore 
the hieinorrhage is over ; after one hour then* is soim* improvement in tin* 
])lasma volume with a corresponding fall (owing to dilution) of the plasma 
protein and Inemoglobin concentrations. Plasma volume may be fully 
restored in 21 hours and may then rise to higher valm*s to eomp(*nsate for 
the voliinn* of lost red cells wJiich have not y(‘t begun to r(*g(‘ne?ate. The 
mechanism of re.storation of jilasma volume is as follows : Ineinorrhage 
rf*sults as stated in a fall of venous pn*ssure (owing to underlining of the 
vascular bed by the r(‘duced blood volume) and conse(pi(‘ntly the capillary 
hlood pr(*ssure falls. Tin* lialance b(*twet*n the eapillarv blood pressun* and 
plasma protein osmotic pressure is distujlaal (p. I)^) with the result that 
fluid flows into the vessels from tin* tissue spac<*s. 

(2) Additional protein begins to appear in the plasma within a, few Jiours, 
and tin*, lost jdasma jirotein may be re|)laced within a. few days (p. l‘J7). The 
restoration (jf ])la.sma jirotein may be due to rapid mobilization of reserve 
stores in dej»ots (like the liver) and probably also to fresh plasma juotein 
manufaclun* (iji the liver). The return of jirotein to the ])lasma keeps u|> its 
colloid osmotic pr(*ssure and so enables tin* tissue fluid which lias entered tin* 
circulation to b<* r(*f.aijn*d in sjat(* of risijig capillary blood pressure. 
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(3) TIh‘ ns<‘ in red eell voliinn^ is for sonu* (Jays, and then s(dns in 

as incrOiiscMl activity tak(‘s place in the rtMl hont* marrow ; the effcjctive 
stimulus to tin* marrow is anoxia. n*snltinc from tin* decn'ased oxyji^(*n- 
carryin^ power of tin* hlood. As the normal hloo(l condition is apf)roae.]n‘d 
the anoxic stiFinihis l»ccoFn(*s progressively weakau’ and tin* proc(*ss of r(*t'(*in*ra.- 
tion corres|)ondin^ly slows down. Fin* r(*d c(‘lls and Ineino^lohin are r(*st(»red 
ill d () weeks it tin* diet is satisfactory and contains ad(Hpuite amounts of the 
jn*c(*ssary raw materials (r.g. iron, prot(*in) (|). IDI). The total blood volume 
n*-a.ches normal value when the. corjiuscular r(*eeiieration is complete. 

It is unlik(dy that contraction (jf tin* sphM*n in man plays any important 
part in rejilacinc tin* lo.st circulatinir cells. 

It should In* stressed a^ain that iturnediateh/ after a liajuiorrhage the t(Jtal 
lueiiiogJobin content of the. blood is reducc^d, but the ha*moglobin percentage 
is unchangtid. As tlie plasma volmin*. is restored, tlnj luenioglobin percentage 



Frcj. 17. Diatirain showing J^(*c(JVtTy of Plasina ainl (VJI \'oluni(‘ aneJ Hannogluhin aft**!’ 
liaMiiorrliaL'c in .Man. (W'ri^ht rf al., lAinrff, lOltS.) 

'Die clrar columns ifprcseiit jilasma volume and the liatclu.-d ihiIuiuiis cell voliinui (in c.c. per kg.). Tho 
thick line (llh) rcproscnls haMuoglohin percentage. Hall the hluod wiis lost. Note the rapid 
restoration of t he plasma volume and resulting fall in huunoglobin i)ereentage. Later there Is a slow 
recovery of the eell volume (and of t(»tal hlood volume) and of percentage haimoglobiu. 

corrcsjioiidingly bills owing t o simple dilution. As the* red cells ani rcgencrattMl 
the haniioglobin percentage eorrespondingly rises (Fig. 47). 

If the (ixvgcn lack is very s(*vt*r«*. as after a largt* Ineniorrhagt*, the red 
marrow may itst'lf In* so advmscly aflecb'd that t in* pnK*t*.ss of red cell restora¬ 
tion may lx* hampered. 

Nu(*h*at(*d r(*d cells may appt*ar in the circulating blood during recovery, 
as W(*ll as immat urt* C(*lls (reticuhx-ylcs) or badly shapt*d forms (judkilocytes). 
Many small red cor|)Uscles art* found, tending to make the average diameter of 
the red C(*lls lower than normal. The cells may he ih'ficient in haunoglobin 

(Fig. b4,A). 

Aids to RErovKKV.—Tlu* full restoration of tlie plasma voliitue is hamp¬ 
ered if the jaitient is dehydrated and the volume of his iiit(*rstitia.l fluid is 
reduced ; convi^rsely, it is greatly facilitated if plenty of fluid is available 
from the. tissue spa(^es. In cases of em(*rgency, fluid tnlist be introduced 
directly into the blood vessels so as to maintain an effective cinailation. 

(J) Saline injected intravimously, though it temporarily replaces the lost 
fluid, is rapidly eliminatt'd, because it dilutes th(i proteins of the plasma ; it 
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also lowers the viscosity of the hloful. For these rc'asoris it does not niJiintiiin 
the hloo<l pressure for more than a short time and is useful only as a temporary 
expedient in an emergency (Fig. 48). Saline absorbed Ironi the subeiitaneous 
tissues or tlie bowel is very useful and is better retaim‘d, but the effects take 
longer to develop (cf. p. 62). 

(2) PlasHia inject(^d intravenously is retained for a iiuitdi longer time 
owdiig to the osmotic pressure of the contained plasma proteins ; it raises 
both the ])lasma volume and tlie blood pressure and if given in adequate 
volume it restores the cdinical condition practically to normal although it 
provides no oxygen-carrying ])ower (Fig. 48). This observation shows that 
the grav(' effects of haunorrhage an‘ mainly due to dccrmsdd rirculatinff volnme. 



Fn^. -ts. Elfcft on’raiisfiisioji <»n low Prrssinr inllowirig H/cniorr litigc. 

Kxperiiiients on Cats. Standard initial h{iiiuorrhaf;i* to lowrr blood i)rcssiire to 30 40 iiiin. Ug. 

Inj^'ct voIuiticH (in diMVrt'ril. fX|ifriiiM<jits) of ritraU^d wlioli* liliaul, f.itrat»Mi ()lusina, .siiliiu*. 

Xotr varying' dcgrirs of n-rovrry td tin? bU»od piTssnrf. (St'liwrif/.••r ef a!., I.mnrt, ii. .jOT.) 

(3) The ideal method is hlood fra)fsfusi(fVy whitdi |>ro\ id<\s a fluid of the 
right viscosity and osmotic j>n\ssur(i, and rest-ores the blood volume, blood 
pressure and the oxyijt^v-carri/itig mparily of the blood to their normal l(*vels. 
Twm (essential precautions must be observed : tJif‘ blood jnust be kept iluid, 
i.e. coagulation must be jireveiited (]>. 143) : and tlie coTtifiatibility of the 
offered red blood corpuscles must iirst be determined (p. 181). 

Fig 48 shows the relative effectiveness of equal volumes of 0'9^V^ saline, 
plasma, and citrated blood administered immediately after a s(»vere ex]>eri- 
mental hamiorrhage. Plasma (and serum) are only a little less siitisfactory 
than blood in restoring the blood y)re.ssure f)ermanently ; the imj)rovement 
with saline is very transient and the animals ray)idly succumb. 

Blood Volume in Disease.^ — (1) In ncphriffs the total volume may be 
decreased if the plasma protein is lowered (decreased plasma volume) or if 
* Gibson, Ann, int. Med., J940-41, 14. 204. 
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tlio count is roduceil (dccrcHsed cell volume). In the terininul urjoinic 
sla^e oi rciuil disease, ma.i’keij fluctuations in plasma volume occur owing 
to loss ol fluid fi'oin vomiting, diarrhma, or iuernorrliage, and from the effects 
of the various therajieutic measures which are so energ(‘tically carried out. 

in rohffeMivr Itrarf. ftiilure the total blood voliinid! inav incn»ase by 
20 o0‘’(, in ]»ri>portion to the severity of the clinical state.; both plasma, and 
ec‘11 volunn^ iricri'asc, the latter 


sometimes to a greater (‘.xtent. As 
the. condition improves the total 
voliiim* eorr(‘spondingly deciim^s 
(by ofM) 1500 e.e.), both plasma 
and cell volume. partieipa.ting in 
the (liange. 

(3) In (Jiahrfrs tHclUfKs with 
marked gly(‘.osuria,, the ]»la.sma. 
volunn* is decreased, probably from 
loss of fluid as a. result (»f diuresis. 
This anhydnemia contributes to 
the circulatory failun' whiili may 
devilop (eb p. b25). 

(4) In some forms of Iraumalir 
shock IIkm'c is marked loss of fluid 
into the tissue sjiaei's or of Hood 
in the injun^d area.s (p. ‘14*2) : great 
(luid loss mav also occur in hints 



B'lO. 49.—riasma Volume, Cell Volume, and 
'I'olal P>l«M)fl Vf)lain(‘ ia varioii.-i Disonlrrs. 

Tlio tiorniai v;i1m(S lif*re shown lire s(MiM‘wh;U l«.»w«*r than 
thus*' .sot. out on p. SO. (lOMlrawii Irnni Jla(h‘U, 
/;»///. S.y. AcaiL Med., I'OiO, /,/. 


(p. 344) and in /////// uitcstntal olishncfl<m (p. lOS). In all t-ln'sc conditions 
plasma volume may be r<‘(biced. The j)lasnia volume is also diminislied in 
(olrcHol thsoljictcin tf (p. b55). 

(5) In the ohoinios the plasma voliiim' may b(‘ increased as tlioiigh to 
compensate for the great d<‘cr(*ase in cell volume ; t-his occurs in severe 
pcniicifios (UKvmio and in o/jlasflc (noouio. The total hlood volunu* may or 
may not be diminished. In pol//CfflhfrnH(t the blood volume is regularly high 
because of t in* ♦‘xcessive voluim' of red cells : tin* plasma, volume is unchanged 
(Fig. 4b). 


UT:(SI-LATI0.N of H ion OONOENTRATION [AfMIbBASK 
llALANCd^lJ OF BLOOD' 

Bure wat.er consists alm(>st entirely (»f undissociat(*d molecules of llgO ; 
but very slight dissociation does occur giving rise to Jiydrogcn ions (H+'j 
and liydro.vyl ions (011').^ 

1 OH'. 

An if ion is an II atom minus one (negatively chargial) electron ; an OH' 
ion is au OH particle wliich has gained one electron. The reM,ction of any 

’ naJdaiic ioid f’lie.stlcy, licMjdrutlon, new (mIii., Oxlorcl, BKlf). (Jauible, Extra cell dar 
Eluid, Harvard, 1940. fcJinger and lfii.stiiig.s, Jlidlnnc, 194S, 27^ 

* According to the teachings «»f modern physical clunnistry, hydrogen iotis do not 
exist, as H ♦ hut as H ' {ix. as H * f 11 gO). KortunateJy the physicMil chemists arc agreeable 
to the ion being treated as H * in j»hysioh)gical di.seussions. 
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11+ ION COM ENTKATION OF BLOOD 


lliiid (i.r. its acidity or alkaliTiity) dci)cnds on tlie relative number (not weight) 
of II*^ ions and OH' ions ; if there are more IJ"* ions tin*, solution is acid, if there 
are more OH' ions the solution is alkaline. Pure water is a mmtral solution : 
it therefore contains equal numbers of H+ and OH' ions. Tin* eonceniration of 
ID (cH) in water is expressed as gramme equi\'alents of ionic H per litre of 
pure water at 22"^ 0. ; it is writte-n when so expressed as | H-^ l ; the value is 

m. stands for million). The equivalent weight of H 

is one. Therefore [ir |- l()“~ means that there is 1 g. of H in the ionic form 
in 10 m. L of water (or VoVu. g- 1 water). 

The. concentration of OH' in water is also 1 g. e(|ujvalent of ionic OH in 
10 111 . L, i.e. |Oir] ~10 “". The equivalent weight of 011 is 17 ; therefore 
the weight of OH' in water is 17 g. in 10 m. L of wat(*.r. But though the 
weight of OH' in wat(*r is 17 times as gr(‘at as the weiglit of H* the number 
of each pr(*sent is the saim^ ; the use of the gramme-equivalent method of 
notation enables us to coni})are the relative number of TC and OH' whih* 
avoiding the comjfdication of their dillerence in weight. The gramme- 
equivalent notation likewise enables us to conijiare the number of chemically 
combining units (p. 12). 

In all aqueous solutions whateviT their reaction th(‘ product of [H+J and 
[OH'] is a constant (its value is 10“^^). In the case of pure water : 

[H+] X [OH'J.-1 ()-’ X10-7= 10 * 

— l Om, X; lom. - “To'Om.m. lootuotc 1), 

It follows that if we know the H^" ion concentration of any aqin^ous solut ion, 
we can calculate the OH' ion concentration, becaust^ the prodiuT. of the two 
must be 10 **. We can then compare the ID ion and OH' ion cr>nc<*ntrathm, 
see which is greater and so know the reaction of the Iluid. 

[IF] 10-7; | 011'l-l0-7 . neutral solution. 

|H+J: ~10~® ; j OH'J™ 10 ® acid solution ; [H"^] is 100 times |OH']. 

[H+]=10 ®; [0H'J=10 alkaline solution; [OH'J is 100 times [H * J. 

Note that lowering the siz(* of the index increases tin* concentration, 10 ® 
(im.) being a 100 tim(;s greater concentration than 10“® (rooin,). 

A normal (N.) solution ^ of any acid (jontains 1 g. of displaceable hydrogen 
per litre. A strong acid dissociates almost completely, so that in the case of 
HCl, for example, a normal solution would contain nearly all its 1 g. of 
replaceable H per h in the ionized form, i.e. [IF] is a]>j)roximately 1. [OH'J 
would, of course, be 10“^*. A decinormal (()•! N.) solution of 11(^1 would contain 
nearly all its O-l g. of replaceable. H per L in the ionic form, i.e. | H+] is (>J . 
1()-^, and [011']^ 10 )Similarly, a normal solution of any alkali contains 
1 g. equivalent of OH (17 g. OH) per litre. A strong alkali dissociates almost 
compl(^t(dy, so that in the case? of N.NaOH the solution contains (nearly) 
all its 1 g. etpiivalent of Oil per L in the. ionized Ibrm ; [OH'J =^1, and 

^ Xote again that in.—million, and in.ni. - million million. 

“ A normal (N.) solution of any acid or alkali contains the equivalent weight of the 
substance in 1 L of water. Thus X.HOl contains 3()-5 g. |km* L; N.II 2 SO 4 contains 

=49 g. per L ; N.NaOH contains 40 g. ])er L. 




NORM A L BL()OI) REA CTl ON SO 

[ H t 10“^*. Decinornial (O-l N.) NaOIl coTitains its 01 jj;. (‘quivalent of 
replaceable OH in tlie ionic form, l.r. l K)"^ ; fH^ | - 10 

In tll(^ cjise oi a weal: acid (or alkali) iouizalion is vany incomplrje, and 
only a small ])roportion of the replaceable H (or OH) of tlie conipoiirul is in 
the ionic form. This is illustrated in the Table f)eIo\v. 


DlKJliKM OF OlSSOCIATlOX OF AciOS AND HaSFS. 


Acids. 

Pcrccula^c 

Dissociation. 

Rases. 

Rercenta^/c 

Dissoj-iatioji. 

01 N. HCl . 

910 

01 NaOII 

91-0 

01 N. Acetic . j 

J -.‘U 

0 L\. XH.OH 

0.4 

0.1 N. (.■fO*l)niiic 

0 17 




Note that decinormal HOI or NaOil dissociates almost com})let.(‘ly (91‘!„). 
A weak acid like (‘arbonic in 0-1 N. solution is only dissociated to tlii^ (extent 
of 0*17^!o. Thus, thoueli decinormal solutions of HOI and have the 

same amount of (Uspldceahlc H p<‘r litiv, they dilfer enormously in their 
itdiic hydrogen conceiitrat-ion. Thus the [H’| of (tl N. HOI compared with 

91 

that of (>1 N. lT,(XJ.i is , -, Le. it is 5*15 tinu's as "r<‘at. Similarly the 

“ . 91 ■ 

lOjrj of ()•] N, NaOH compared with that ol t) l N. NH.^OH i-^ t>r 2:iS 

times as ^reat. 

To avoid the neizative indices of the aboye method, Stinmsen has intro- 
duc(‘d another noimmclature, tliat of /dl : th<‘. letter /> sipiilies that the 
negativ e* exponent to the base 10 is employe<l (i.r. /dl- 1 ol^,(,cH). Thus ; 


N. HCl [H'l-: 

- 1 

lu 

/>11 0 

0-1 N. m \ 

(11 --V 

1(1 ^ 

.. I 

(K)l N. 11(7 „ 

(H)l 

1(1 - 

- 2 

Pure water 


h» " 

„ ■ 7 

()•] N. NaOll „ 

=r: 

1(1 

- 13 

N. NaOH 


1(1->1 

n 


A solution of pH 7 is neutral ; if the. pH exceeds 7, the solution is alhaliue : 
if the pH is less than 7, the solution is acid. Most peo|>le, howt'ver, lind it- 
dillicult to think in terms of Ji€‘gative indices ; siicli people should always 
translate ^>11 values into H*^ ion concentration. E\"(‘ry rise ol 1 in ydl means 
lowering the concentration of 11+ ions to one-tenth its }u<*vious value. Fig. oO 
shows that a rise of ()-5 in the ydl value reduces the 11+ ion concentration to 
half) a rise of ()*0 in y/H reduces the IH ion concemtration to one-quarter ; a 
rise of 0-9 in pH n‘duces the 11+ ion concentration to one-eiphth. 

Normal Blood Rkaotion.—T he normal pH oi blood (uieasun'd electro- 
inetrically) is 7*35-7-45 (mean 7-4) at 37'" C., i.e. slightly on the alkaline side 
of neutrality. The limits of y)ll (roin])atible with survival are ;dl 7 on the 
acid side and pH 7-8 on the alkaline side. By acidwmia (acidoHid) is meant 
increased H+ ion concentration of blood beyond the normal limits. By 
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ALKALI IlKSERVK 


alkalfvmia (nlhaloms) is jiieaiit a diiiiiiiislHMl H' ion roncontnitiori helow 
tiu* nornial limits. 

Ill this book tlit‘ tmns aridiomia or iilkalauiiia (without (^uiililicalioM) an*, 
as a rulo, only used when the change is demonstrable Ihj ph/fsiral measurement ; 
otherwise the phrase tendenetf to aeidaunia or alkahoniia " is usihI. 

Ketosis signifies the jiresmee in exeivss of certain fattv acids : 
p’-hydrox v-))U ty ric acid, (11 (OH U JHJ '()( )H 
Aeet<>acetic. acid, V H.jCOOll2000 Fi 

in tin* blood, irrespective of the blood reaction (cf. j). StiO). 

'Phe alkali reserve of the plasma is the ]»icarl)ona,te conf.«mt of tlie plasma 
at the, (’Oo tension j)rest‘iit in tbe arterial plasma (wliicb is tlu; saim*, as in the 


i 


I cH exj)ressed i 
pw I as g. of H'^ ions | 


I 

])er litn*. 

1 

7-0 

10 miilion 

7-3 

1 

20 million 

7-6 

1 1 

40 million 

7-0 i 

1 i 

1 ; 

1 

80 million 

1 

1 8-0 ! 

loo million 1 



."in. Heliitionslnp of (*<aU‘<'iiti'ation of Hydrogen Ions (eH or | II • |) to y*ll. 
((baliiini and .Morris, Arhhsis and AUmIosIs^ 1113,*{.) 


alv(*olar air ; normal CO.^ tension-- 40 mm. Ilg). Tin* plasma is etjuilibrated 
at the apj)ropriate. (JOo ju'essure. and then treated with acid and exposed to 
a vacuum in the Van Shdee ap|)aratus (cf. ]>. 110). Suppose that 100 c.c. of 
plasma give otf t),‘t c.c. of CO^. The amount of (’(Jo was ]m*sent in solution 
is calculated from a knowledge, of the (’Oo pressure and solubility of (’Oo in 
plasma : the normal value is ,‘5 c.c. [)er lO?) c.e. Therefore b.d .‘5 -(>0 c.c. of 
(JO 2 were ])reseiit in tin* ])lasma in tin* cornin'ned form, which for all practical 
,pur{)os(?s means as bicarhonafe, Xot.e that tlni pbisrna bicarbrinato (jier 
J(K) c.c.) is expressed not as a W(*ight, but as tin; volnme, of (’Oo which is 
evolved from it. 

Volumes of C().> (pin- 100 c.c.) are converted into milliequivalents (m.Eq.) 
per L by dividing by 2-22. Tlius tinj normal valut's for ])lasma are : 

Dissolved (’Oo- = ‘1 c.c. per KX) c.c. 

1*35 m.Kq. per D (as H.HCO.,). 

(-’onibined (’O.^—bO c.c. ])e.r lOO c.c. 

: -27 m.Eq. jier Jj (as H.H(M).j) 

(B- Base almost entirely Nhid ) ^ 

^ In th« text l)icarlM>nai«r is written as IHirO., or 1 >.H(earbonif* acid as or 

H.HCJOg, as Heeins most appropriate. 






REGULATION OF BLOOD REACTION 
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Buffer ftubstancpR are those which hinder changes in the reaction of a 
flui(i. The word is derived from a German word iTieaning tampon, a buffer 
substance being regarded as “ mopping up ” W or OH' ions and thus prevent¬ 
ing them from aecumulaling. 'fin* inode of action of buffers wdll be made 
clear later (p. b‘2). 

The chief arul |)r(‘seiit as such in blood is the (M.)o wliich is [U'(‘sejit in 
solution giving rise to HJ’Oy whirli yields JI' ions : 

11.0 f-COg'^-JT.HCO,-^IP f 

In addition, plasma jnotein and lueinoglobin exist to souh* i'xtent in 
blood in the ai iil form, but their d<‘gree of ionization is negligible. 

'Th<^ only alhtli present as such in )>lood is the bicarbonate. (llHrO.,). 
Jjet us assum (3 that the base is Na ', ij\ for JJ sul)stitut.(i Na ^. The dissociation 
occurs thus : 

(i) NaH(’O.^^Na^ -i IK^V. 

Tb(‘ HC^O;/ th(*n “ mops up 11' ions (derived from dissociation of water) to 
form the weakly tlissociating a(‘id, llof’O.^: 

(ii) IKXk; ! H^e^H/X),. 

ltea<*tion (ii) causes furtluM’ dissociation of water t-o yield an ej'cess of OH' 
ions ; tln‘ total rea(‘tiou can be summarized thus : 

(iii) Na^ ! IT(XV | i OH'^-lSJa^ h 

'flic essential poii\t to remember is that the ])res<'nce of ])ica.rbonat(‘ increases 
the OH' concentration of the solutioJi, i.e. iiK'.reases its alkalinity. 

As th(‘ reaction <tf l)l<>od depemls on the relative numbers of IP and OTI', 
and as tin* ])nn<*ipal sourc<* of IP is Hgf^O., and the prinei))al sour(‘<‘ of OH' 
is bicarl)onat(‘ (Hli(X).,), then the IP ion coiuauitration varit‘s as the ratio 
of II.(X).j to HH(Uj (cf. p. 1 ) 2 ). 

Regulation of Blood Reaction. Many factors are normally operating 
to disturb the blood reaction from its normal range : the eoinj>ensatorv 
mechanisms are however so etlieient. that in health d(*te(ffable eliaiiges in 
blood reaction occur rarely. 

Acids constantly being formed in the body as a n'sult of metabolic 
activity : (X).^ results from the oxidation of all foodstuffs ; H.jIX.)j and H 2 S ()4 
from the. oxidation of tlie P and S of ingested protein. Jjactic acid is formed 
in the muscles during .activity, but normally it is disposed of as rapidly as it 
a])j>ears. Jn very strenuous exercise, lactic acid is formed in gn^ater amounts 
than the muscles can deal with, and consequently overflows into the blood. 
Under abnormal conditions /Miydroxybutyric acid, acetoa(‘etic acid, and 
]»ossibly other acids not hitluTto reeognizi'd may ap])ear in the circulation. 

Basic radicals like Na, K, Vt\, Mg are taken in large amounts in an ordinary 
diet, especially in vegetable food, and they must be dis])OS(‘(] of to prevent 
excessive alkalinity of the Idood. 

The methods available in the body for maintaining blood reaction are 
of two kinds : (i) the phiisico-chcurical processes (xuujrring in tlie blood ; 

(ii) the vital reiietions of the breathing and the kidtuM's. 

I. Physico-Chemical Reactions. Tliese depend on: (i) the buffering 
action of the plasma HHCX);,; (ii) methods of transporting (X )2 in forms 
other than H 2 UO 3 {i.e. iioii-acitl forms). 
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ROLE OF PLASMA BICARBONATE 


(1) Rklatjox or Plasma J5icarboxatk to —As explaiiiod (j>. 91), 
blood roactioii depends on the ratio of HoCO.^ to BHCO^ (cf. F"ig. 58, A). Por 
f»lasnia, the IIeud(‘rson-Ila.ssell»aIeh equation e-x|)ress<'is this relationship 
(juaiititativelv : 

.. , B.IKXL 

/)ll -01 I log . 


Normally 


Jhll(X)3_/iO 
iilKXJa 3 


vols. 


O,-_ 

/o“" 


27 

1-35 


m.Kq./L--- 20 . 


As log 20 - 1-3 : pH -0*1 + l*3=7-4. 

The following deductions may he drawn from the equation: 

(i) As long as nunaiiis eoiistaiit, cdianges in the absolute values 


do not alt(‘r /dl. Thus, if both values are doubhul, e.//. B.IICO^ 120, 
U.llCU 3 --h voIs.‘\,, or, if both values are halved, e.ij. B.II(X)3--30, H.llCOy 
-1-5 vols."„, the ratio nmiains 20 {log—1-3) and tlui pH nnnains 7-1. 

(ii) DilutitKj the jdasma does not alter its pH. 

(iii) Any change in either B.HCO 3 or HgCOg altt*.rs /)H : thus increase, of 
B.HCO.j or deerc'ase of ll.lKHJ^ produces alkaheinia ; decrease of B.HCO 3 
or increase of H.H (^(.)3 prodiua*. ackhemia. 

(iv) Unequal changes in B.HCOj, or H.HCOjj alter pH. 

(v) Changes in B.lK’Og and il.HCOa in opposile directions markedly 
change pll. 

One <‘xamj)le may be given : suppose that plasma, B.HCHhj is n;duced 
to 27, and II.IJCO 3 remains unchanged at 3 vols.^W 


B.HCO., 

iLHdi;" 


27 

3 


=9; log 9=0-95 


pH=rr)-l -f 0-95=7-05. 


(2) BrrKKKLxt; Action of Plasma Bioaiibonaik. When any non¬ 
volatile acid like lactic, phosphoric, or sulf)huric acid enters the blood stream 
it at once interacts with the bkairbonale present in the jdasrna as folh)Ws, e.q.: 
! L^]-Na,H( !03 >Na -1-1/ ; H.HC^ . 

(Lactic (Sodium 

ai'id.) laidatc.) 


In the case of lactic acid, sodium lactate and carbonic, acid are formed. 
The advantage of this reaction to the body is clear. Lactic acid is a com¬ 
paratively strong acid. i.e. an acid which dissociates freely and gives rise 
to many H' ions, and thus makes any solution in which it is pn'scmt eon- 
siderably more acid ; it is also a non-volatile acid, i.e. one which is excreted 
slowdy in the urine. By the interacXion wdth sodium bicarbonate, lactic acid is 
converted into a neutral salt (sodium lactate) and ILCO 3 is liberated. Now 
Ho(-K)-j is a mindi w<Niker acid than lactic, giving rise to cornxspondinglv fewer 
H* ions ; furthermore, it is a volatile acid whkdi is njadily eliminated in tin* 
lungs. Sodium bicarbonate has therefore acted as a buffer sul)stance ; it has 
cause Jl ♦ ions to be moj)ped up,” few^er are left in the solution, and the 
reaction of tln^ blood has altered to a much slight(;r extent than otherwise 
would have been the case. That is wliy the term “ alkali reserve ” was 
introduced to describe the bicarbonate of the plasma (cf. p. 90). 




rOle of h^.mogi.orin m 

It follows that as long as NaHCO.j is pres(‘iit in tl^e })lasinj), no anid 
stronger than r.arhonic can exist in the blood as such. The al)ov(‘ tvpe of 
buffering reaction tak(‘s places during very violf*nt nrHsTtilar rmrisr (]>'. 
in s(^vere diahetes ludlitus (p. l»2i), and \\\ sfarvatlnn (p. bOl}. 

Tliis reaction aloin*, without further suf)port, inav still pcuunit of con¬ 
siderable y>ll changes b(u*ause as a result BlK^O.j is I'educaul and 
siniultaneously increased. To take aji extreane case : suppose iialf tile BIlCO-j 
is used up liberating .‘JO vols. ofCOj, (as IJaCC).,), then 

B.IKX), .‘iO 

H.HCO3 ;j 4 ;iu 1 ■ iiO}? 1 = 0; 

/)11—b*l +0 t)*! (a fatal degree of acudaunia) (cf. Fig. r)S, B). 

In the body the COg evolved is irninediately mopprd up in the blond by the 
reactions mentioned below' (it is childly taken uj) by haunoglobiji) and it is 
jinally eUminoted In the lu)u/s (cf. Fig. 58, C, D). 

(.3) Buffkki.vo Arnox of Blood Thotfixs (mainly IL^lmoof.obin).- 
The acid wdiich is formed in largest amounts in the body is HoCOy its(*lf, 
derived (i) ])rinci})ally as an end-product of normal metabolism (200 c,.c. of 
pi‘r minute at rest, U|i) to 4 L in maximal exercise) : (ii) from the buffering 
reaction d(*s(Tibed above. 

When more COg is formed, the (JOo timsion in the blood rises, more COg 
is dissolved, more lIoCTIj is formed, and more 11 ’ jons are liberated. Jf all 
tin* COg had to be carried from tiie tissues to the lungvS in solution, the 
reijuisite COo tension would be great, and the rise of 11+ ion concentration 
serious. Most of the COo is however removed from solution (and is tlnm no 
longer jiresimt as IlgCH)^). The reactions concerm‘d in this ])rocess are fulK 
described on ])j). 114 ei seq., but may be summarized thus : 

(i) (XX combines with the amino groupings of lia-moglobin to form 
carbamino-hamioglobin. 

(ii) (^O.g combines with tlie base (K) of luemoglobin to form tlie alhiUne 
s u bstance K TI (T);i. 

Both these reactions are greatly facilitated by tlie simultam'ous reduction 
of ]iiemoglo})in. 

Now luemoglobin:^hicm+globin. Ibem is an iron-])orphyrin ; depict it 
as Bor:Fc+X Clobiii can be depicted a.s [R\ Tsing these 

symlnjls the removal of excess (T)., from solution occurs thus : 

r 1 /Nh.cooh-1 

CO,+ For: L^COOH J ^ 

(OxyKcnatcd potasisium (Retiuced Fisemoplobin combined with CO, 

bfiouioglobinnte) i« the carbamino Ilinii; 

(Certain subsidiary reactions (secondary buflering, cliloridc shift (p. lib)) 
lielp to preserve the reaction of the plasma. 

By the conversion of (^()2 into bicarbonate, an acid (lloCO.j) is converted 
into and trans])orted as an alkaline substance ; tlius, wh(‘n the concentration 
of H 2 CO 3 is iricreased, BHCO 3 is simultaneously increased (though not to 
the same proportional extent), and so tlie BIlCO^/Hof^Gg ratio wdiich deter¬ 
mines pH is relatively little altered. l)ire<?t measurement shows that the 
pH of mixed venous blood at rest is only O-Ol ()*02 lower than that of arterial 



ROLE OF RREATIIINC AN13 KIDNEYS 


blood. Even wlnni the blood is roiiipletely reduced in the tissues the resulf-in" 
release of larjje volumes of (‘().^ lowers the j)\i by only 0*12. 

In the lun^s, all the reactions described are reviMscMl. Tin'- fall of* ion 
concentration wliich results from the liberation of the dissolved ('O2 is 
compensated by a correspoiidiiii; decrease of the alkaline bicarbonate. 

The physico-chemical reactions are only makeshift redactions. i3y them¬ 
selves they would only Ixi of exceedingly lemponnif value. It is, of courstd, 
essential to eliminate linully from the body the acids or alkalis formed as a 
result of metabolism. This is done by the vital reactions. 

II. Vital Reactions. 1 . Bhkatiuxo.—T he role, of breathing in j)re 
serving blood niuction is fully discusstul on ]>. 31M) ; the account giv(*n t.h(dr<‘ 
should be carefully studied. By suitably adjusting thtd level of f)ulmonary 
ventilation the COg liberated from oxidation in the tissues and from buffering 
reactions can be elimiiiat(dd from the body. 

2. The Kidneys.^ The lungs can deal only with the volatile acid, (^JOg ; 
they cannot deal witli fixed acid or base. It is also desirable in any event 
to have an alternative method of /iH regulation : bndathing has to subserve 
various ends which may be conllictiiig ; thus the liyperventilatiou induced 
by anoxia actually gives rise to alkahtmia {]). llK)). TJie kidneys wi»rk more 
slowly than tlu' lungs, but when fully in .‘icrio!i arc (‘xtremi^ly cff*tx*tive. 

Two renal mechanisms are available: (i) the excretion of Bligl^O^, 
B2JIPO4, and BlJCOg in varying proportions; (ii) the formation of NH.3 by 
the renal tul)ules from amino-acids (ammonium mecliauism). 

TJie reaction of the urine varies with blood riuKJtion. In achdumiia tlie 
urine, is acid (maximal acidity—//Jl 4*8), acid thus being eliminated. In 
alkala^mia tl|e urine is alkaline (niaximal alkalinity~pH 7*8), alkali thus 
being eliminated. Under Jiormui conditions of diet and activity the average 
reaction of urine is acid (/>11 ti-U), representing an excretion of 70 m.Etj. of 
acid ])er day. 

(1) Ph()Si»hate and Bk.'akhonate ME('HA.\TS.\r.---Tlie glonKaiilar filtrate 
contains BgiiPO^ and BllJM)^ (in the ratio of 1:1). as well as BHCO^ ; 
all these substances are present in the same couceiitrations as in jilasma. 
In extreme acida-mia praetically all the BHCO.^ is rca]>sorbcd in the tubules, 
and all the phosphate is excreted in the acid form (BII2PO4). In extreme 
alkalannia large ainonnts of BHCU., an; excreted ami nearly all t he phosj)ha,te 
is eliminated in tlie basic form (JLFfPO^) (Figs. 51, 52). 

(i) Phosphate Mechaniant. The phosphate transformations that take 
place in the renal tubules can be snmmariz<Ml a.s follows ; 

(a) la acAdwmin, th<* Na2HP()4 in the lumen of the tuluile is transformed 
into Nall2p04 by losing one Na"^, ajid by gaining om* ion from IlgCO^ 
available locally. The newly formed acid Nall2P04 is excreted in the urine, 
additional ll*^ ions thus being eliminated. Tin* released Na"^' is reabsorbed into 
the blood presumably as NaiKX).,, thus conserving the reserves of base in th(‘ 
body fluids. 

(h) In alkalwmia the NaH2p04 in the lumen of the tubule is transfornnxl 
into Na2HP04 by gaining Na* from other tubular eonstituents, e.g. NaOl. 
H**" is released from the NaH2P04 and is reabsorbed (plus Cl') into the blood. 
Additional fixed base is thus eliminated and the ions of the body fluids 
are conserved. 

1 Pitta, ei al, J. din, InveMig., 1948, 27, 48, r>7 : 1949, 2S, .‘Pi. 



BUFFER ACTION OF CELL BASE 
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Fig. 51 shows that tlie piiosphatt* inochaiiisni is o(|ually olloc^tivo in 
excreting acid uiul luist*. 

Cellular Orijiin af Urinary Uhosphafe. buffering Acfum of ('ell Base, 
Those questions can he conv(auently discnsscfl hero, as they are closely 
related to the r(‘giiIation of the blood reaction. Some of the urinary phosj)hate 
is derived from the food ; much of it, however, is derived from the body 
eells. In the case of the re<l cells, out of a total of 110 m.K(]./L of base, 
50 ni.K(|. are c()!id)ined with organiv phosphoric esters and only 1 m.Fq. is 
combined with inorganic })hosphate. Tlie large phosphate ester anions cannot- 
penetrate the cell and are locked inside ; the smaller inorgaJiic phosphate ions 



I'kj. T)]. IJflalof Italio of BIUPOj to t<.i p\\ 

of Plasma and Urine. 

< Ujir coluiiiiis : JIFI^PO^. St Ippltrd columns : UallPO,. 

J’lic /»H value at (lificreut ratios la indicated. Note vnlucB at iionnal pli 
of pljwma<7-4). (Alter ttainble, ExtractslMurFluid, Harvard iinivcrsity 
I'nvss, 

can m<)v<* in and out of the cells. The nornial jirepoiideranee ol the large 
organic over tin; small inorganic phosphate anions depends on a balance 
being struck between the synthesis of esters (phosf)horyhiiion) and their 
breakdown (phosphorolysis) ; the normal balance is greatly in favour ol the 
synthesis of esters. In conditions of acida>mia, however, tlie etiuililuium is 
disturbed and moves in j’avour of breakdown ; the inorganic phoapliate thus 
increases in tJie cells, dilTust^s into the jilasma and can be excret€*.d by the 
kidneys. Total red cell phosphate may fall, e,y. from 50 to 15 m.Kq./L. 
The phosphate in the cells at pH 7*^ is combined wdtli two CAjuivaleuts of 
base (potassium) ; when phosphate is excret-ed in a urine of maximunt actdily 
it is excreted as J3H2FO4, i,e, it is combined with only one e<]uivalent of base 
(li). Consequently, for each equivalent of phosphate*, excreted in the urine 
there is one of potassium left behind in the plasma. This K,^' is available 
to combine w'itli those acids which have (laused the acidamiia; thus the 
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hydrolysis ol’orj^aiiic t-oll ])lios]»hate, by caiisiiig K* to be released, lieJps to 
eoinbat tla* condition. As all the body cells contain lar^je amounts of j)hos|)horic 
esters, it is reasonable to assume that similar contributions of base (K ') are 
made available in a(‘idosis by all the tissues. It is important to bear in mind 
that potassium which is freed from the cells may be excreted by the kidmws 
in coinbination with the normal acids ; hence acidaunia may lead to a 
dangerous de^n'c of ])otassium de{»letion of tin*, tissin^s ; this depletion may 
n(*.ed to be made j^ood by treatment. 

In alkahemia, the reverse of thes(^ reactions takes place : syiitln*sis of (;ell 
esters is favt)ured, and total (M‘11 phosphate may rise, c._7. from 30 to to m.K(|./ Jj. 



Fk;. lleliitionship of (Virbonic- Aci<l-T5ioart)on;it(‘ 

Ratio to ;;ll of friiie ;irul tMasina. 

H J’0.T (Clear columns) above hurizontal line; I5HCO 
(batched) borizonlal lim;. 

Oniiiiab* : Li'fU millit’qiiivub'iiU ]H!r litr*‘ (lu.lvj. 1,). Itiyht, 

V<»lllIMCS of (^>2 ]MT cciiL To ••cHivcrt iii.Imj. 1. into vols. 
of (JO-i jMT cf-nt., inultipiv bv (I'.V. 20 m.Kip. L «»r 
lUKX),- 41 r.f. of coj'’,,).' 

tigures above U,C'Oa line—/Uf values. XoU? that avera^je 
urinary pJl is 6 0; normal plar^ma pU i.s 7-4. (After 
<Jamble, KxlravHlular Fluid, Ifarvurd University Cress, 

I<}4<J.) 

Kxtia base is thus withdrawn from the plasma into the e(‘lls relieving the 
alkahemia without alterin'^ the y;ll of the tissm‘s. The kidneys need onlv 
(‘xerete the )>ase which is in excess of the amount used to combine with the 
increased phosfihoric (*sters r(*tain(*d in tin? cells. 

(ii) Bicarbonate Mcchaaiftw. The bicarbonate mechanism is r(?ally 
effective only wlien conijicnsatiiig for states of alkahemia (Ki^. 52). At a 
urinary pH of 7-8, the. maximal urinary concmitration is attaiin?d 

corrosj)()nding to ovct 90 m.Eq./L ( -over 2(X) vols.'j;, of CO.^ as 1111003) ; 
i.c. tin* BHCOjj is concentrated in the urine, to over threi*. times its normal 
concc*Jitration in the plasma ; very lar^e amounts of alkali an; thus excreted. 
In states of acidaunia the llIKHlg (excretion is negligible, i.e, it is in effecit 
completely reabsorlaal, no base tln*refore being eliminated. 




AM3IONJIL\r ME( HANTSM 
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(2) Tiim Amaiomi’m Mk(^haxism.- TIh* opitln^lium of llio rcual tubiilos 
inaiiiilactiinvs NH-j iToni (nunio-artfis^ \vlii(‘}i art* j)r(‘S(*iit in flit* gloiiionilar 
filtrato ; tin* Nil, is t lion nasst*(l 


into tin*. Iiinion of the*, tulnilt*. to 
n(*iitraliz(* acid substances filtered 
out by tin* eloineruli, forming 
aniiHOHiintt salts. A certain amount 
of fixed base is c()nse( jU(‘ntly freed 
and can be transferred from the 


ARTERIAL 



t’lij. r».T. Diagram iJInsti-atiii^jf 
AiiinKMiiiitii .Mec'liaiiisin in 
Kidney (David Nloine). 




lumen of the tiilnde back into the 
blood. Kor (*xainple : la.(?tic acid 
is n(*.utrali/t‘d in the bloo<l by 
NalK.'O.j (which is (h*stn»yed) to 
form Na lactate ; in the t ubules it 
reacts with NH.j mad(* by t he kidney 
to form ammonium lactate : the 
Nil' which is freed returns to the 
blood t.o re.-form NalKHtj (Fi^. 5J). 
The timnionium mechanisni thus 
spares the fixed base, (ajid the alkali 
reserve) of the plasma. 


Kic. n-t. liegidatiuii of lU'action of riiiit' 
ill .Man. (tjxpi*rinients l>y .Inhn Mark.s.) 

The sliadfil ar{?a in llmire represmts the maxi- 

iniiin and niininiuiii output ol' urine diirinj; nidi 
hour of till* iluy in a period of 28 day.s on a con¬ 
stant wuOT inUike. 'rime, from 7 a.iii. to 11 ji.iii. 

A. I'lM”'** l’'i}tnrr: jit (‘.irh iirrow imrest :i ft. of 

ammonium (‘hloritir. 

It. liOwor riniirc : At carli arrow infr«‘st 2 k. of 

]iot.'is.siiim citrate. 

'rinTcisaii increase in urinary aciilily (fall of/iM from 
(ill to 4-j*>) in upper ll>»urf, and a «l«‘cr<‘asc in 
iiriii.’iry acidity (rise of /ill from (i-0 to 80) in 
l«»\viT lijiurc. O'itrati' is comlMistcil in the body 
to (’(>2 nnd the retained hase (K) is convrrteil 
into liiearhoiiate (IvilCOj).) l)hiro.sis occurs in 
liotii experimonts. 


The NH •j m(‘cha,uism has at its 

derived froiii tln^ jirot-eiii of the, food, but when m*.ccs.sa.ry the amiiio-acids 


* It. is claimed tlm.t tin* kidney forims most readily from olutainine (the. amide of 
fSlutainie acid); but a.s stated, the kidney can liberate I from amino-acids in general. 


4 
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^ 200 
180 


of tissue protein also. In so far as NIL of amino-acids is nsc'd hy tin* renal 
tubules for neutralization purposes less is available for ur(‘a formation in the 
liver (p. SSI)) ; an inereasf* in the excretion of amnioiiiuni salts in tin*, urine, 
reduces the amount of urea excreted to a correspondinj^ extent. 

In conditions of acidiemia the 
" MU *1 bidnev makes iiion^ Nil., to deal with 

240 r“ IMGESTEO-^ 

* alkala-mia, as a.mple base is alrea<ly 
220 - - a\'aila.]>le. t h(‘kidney mak(‘s less Nil.j or 

^ none at all. The urinary ammonia *' 

^ 200 “ I / ^ alwav.s picstmt as ammonium 

.r/ / \ i is thus incieased in acidannia and 

^ kj 180 "" 51 / \ j dec?‘<*a.s(*d in alkalannia. 

^ §/ / V ■ \\ hen the urine /df is h'ss than 

^gl60-// ^^*0? orfjtnilr art\ls (rj/. act^toa«ret ic 

Ijj JC / /ci aciil, p'-hvdroxvbutvric acid) can be 

51 // excreted is such. Lr. their e‘limination 

^8 120 - > I - does then not involve simultaneous 

^ j I lo.ss of base. 

100 - / / - Response of the Kidney to 

^ g 11 Acidaemia and Alkalaemia. 'Mi is 

illustrated by the f(»lh>vvine exjieri- 

§ 60 “f/ ^ . 

// / (i) ifHicsi A7//7.- This salt is 

40 •i/ - l*’‘'*d<.‘d by tln^ liver as thoiiiih. it were 

n J an amino-acid ; it is deamini/.tMl, v.c. 

20 T lib(‘ral.ed. 

'The NM.j is converted in the usual 
0 ^ I * ... I urea,; the Ht'l induces an 

^ ^ ^ acidiemia. The kidney responds by 

excreline a urine of nuixinuil iieidity 
Fio. .Vi. FIR'ct (it Ingestiun (»i’AiniiuMe (Fiii;. 51, A) witli a j)rogressiV(‘ly rising 
:uMi (.’litiriilc or« FriiiJirv K-\( 9 -etini) a:h,‘ cojil.ent (Fig. 55). 

nt 1. i<’a. Clileride, ;nnl AmninFiium / / /> / ■ /’*■/ .# 'im 

u /. II /T i n I ( 0 !iniis J'ofdssnnH i ilnitv. -1 he 

(Afler (tanihJe. hxtraa.Uulnr . ' ' i■ i • . i i i 

fhnd, Jlarvard Univcrsii v Jhes.s, citrate radical Js couvmted ill the body 

J!i4!i.) ' to ('O.,, and tJjc freed K* combim\s 

220 <»r cr as xn,ci wi-n* daily, wit li 1 l(J()./to form KIK'O.j, prodiK’ing 

i'hr onlinali' iiidiruf.^.s flif iunras,- in i \m ti.iii IL-.. i.. Tl.i. hi/liiox/fi.ciwin/lc l.i- 

of nn^Ji, <1' and .\H 4 ' in (In* nriin* al.ovi- lln.- ‘**1 alK.ll.Mllia. .1 IM .KKim V U sJ)Oil(J,s 1)^ 

rontroi vaiiirs. s<*<'ret ing a iiriiie of Jiiaxinial alkalinity 

Jiwrra.si-d nri>a cxrrflion i.s dm- to tlif; Xll.., ^ . .. *' 

of tiie Nil,Cl la-ini: roiiNcrlrd itdo una. (I^lg* OJ, l>). 

Tin* ivliasr.l (T is I \rivtrd parlly coiidaiHMl /”•. I ()rrrrrntIIdlInn 

witli lixcd l.a.sc and partly with rxtra MI 4 ’ \ OUUnUHf yiil t ( HUdittUH, 

madninlhe renal tuhuh’s. Xott. I tie iiima.s<;d .Alkahcmia JH indllccd bc("lllSC tllc(.X).» 
ijiinary i xoretion of X H 4 ’. . • • .1 1 .1 j 

1<‘Msu.»u in the alveolar air and con- 

setjuenily in the arterial lilood is reduced, lowering the volume of (<(L 
in solution and therefore tin* amouni 

11 + ions (/.c. the ratio lUKHl.j is disturbcMl to the .‘ilkaline side). 

Fig. 50 shows how the kidney rcspomls by excreting a iiighly alkaline, 
urine ; the NII 4 + excretion is markeilly cut down. Similar reactions 
occur when ov(;r\'eutiiation is jirodiiced by ano.xia (p. TOJ), by rais<‘.d 
body temjierature (]>. 47S), in cardiac failure. (j>. 401), by lesions of the 


Fio. .Vi. FIR'ct (il Ingestion of Ainnioie 
:nni (.’liloriilc ori Frinarv K-\(aelinn 
of Fia’a. Cliloride, and AininoFiinm 
.‘<jdt,s. (Afler (i.'irnhJe. K.rfraa.llahtr 
Fluids Harvard Univcrsilv 

22r> ni.laj. <»! Cl' as XU,Cl wi-n* in^<•^^t•d daily. 

'I’hr ordinali' iiidirafo.s flir imnrase Ifi < xm iioii 
of iin^a, Cl' and XU4' in (In* iiriin* ahovc the 
rontrol values. 

The iiierra.si'd urea exrreliori i.s due to the Nil.., 
of the Ml,Cl heini: roFi\erled iFdo uF*ea. 
'fhe F'ldeasrd ( T is i xeietetl pai'Uv i'OFuhilied 
with lixed ha.se aFid partly with extF-a NII4' 
made in the renal tuhnlrs. Note. 1 he iiierea.s<;d 
iJFinary i xeretion of NH4’. 
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ctMitnil nervous syst<‘iu (in the liypot.lialainie rejzion) (j>. 717), or even by 


siinple ’* hysteria. 

(iv) Ay/ivV of Meals. Kluetiiations 
in t in* r(‘aetion of the urine, taki* place 
in relalion i-o nn^als. Koliowini!, the 
(irst meal tlie urine e,onmiunly l>eeoni(*s 
less acid [alL'aline iide)^ and a few lioiirs 
la.1ei‘ it becomes more iutid (und (ule). 
Some woi’kers interpret, the alkaline 
ible as a compen.salory rtviction to tlie 
alkahemic tendtvney produced ]>y the 
s(!(*retion (arid loss from the blood) of 
the a.ci<l of the gastric juice; similarly 
they ascrib(‘. the acid tide to the 
acida-mie bMulinn-y which results from 
the secretion ot‘ the alkaline pamaeat ic 
juice, succiis eiitericiis, ami hilt* (cf. 
p. .‘ib7 and Fig. ’i l'i). 'the urinary re¬ 
action, how(‘\a‘i‘. also seems to dejuauJ 
to a. c(msid(Mable e.vtciit on the /•///(/ 
of food taken at th<* meal. /.c. wInMher 
it is pi«‘doniinant ly acid- or base- 
producing food. 

Pathological Changes in Blood 
Reaction. A de\iation of the blood 
reaction to the aci«l sidt* of th(‘ normal 
is called tn'ida ntia or (feidosts : a. d(j 
viation to tin* alkalim* side is calhal 
(dhthentia (»r (tIhtUfsis, Changes in 
blood reaction can also be classilied as 
m 'tahalie " or " resfiindin i/. ' 

(i) In " nwluhalic" changes in the 
blood reaction, tli(*re. is a jfrinKirff 
elKUHfe iit the idasnta hicarhoitafr. In 

metabolic ” acidannia there is an 
initial decr(‘.a.s<; iji jdasrna bicarbonate; 
in “ nn'tabolic ” alkalannia there is an 
initial increase in ))iasina, buairboiiate 
(Fig. 57, A, B, C, i)). 

(ii) Jn " rvsinratory'' changes in 

Idood ^•(^a,c1ion the c/rma/c /a is 

priinary. In “ n'spiratory ” acidannia 
there is an iTiitial increas(‘. hi H 2 (.^()., ; 
in “ resj>iratory ” alkalaunia there is an 
initial ilecrtiase in (Fig. 57, E, 

F, (i, II). 

In all forms of alkahemia and aci- 
danuia compensa-tion is “ attem)>ted ” 
with va,Tying degrec^s of succ(\s.s by 
a|»f)ropriate changes in the blood bullers 



OVERVENTILATION 


Tie. r>(i.‘“Kireet of Prolonged Mofieriite 
Volujitary HyperpjiQ-a on Alveolar 
Air, lilood and Urine, showing coin 
pcrisatory reacticnis to Alkalaaiiia. 
(Orani anrl Goltiinan, Amni'. ,/. 

P/tysiol., Ittgn.) 

AI».^cissa-^Tiiiu! iti ininutir.s. 

Onrni.-itcs froiji alK)v(r jlownward.s; 

IMasinu as volana's of 

(X); per KM) c.r. 

Alvi’olar t'02 trji.sion in nun. lli;, 

pU of urino \a ri.si^ in y/U means incrrasnd 

y*n f)f blooil J alkalinity. 

.Aiiuiitiiiiiini iit ni'in)' in in.Ktp'L. 

J'kn-rrd rc.spiratitni tn’Kins at 10 mins, and ou«ls 
at 38 mins, (diiriiijj: period indicated by tia* 
arrows). ,M. ;n miiis., tin^diriK in fool); at 
34 inins., 'I'roiissoairs simj pnvsont; at 3.% 
mills., botii bauds in spout,aiifous spasm ; at 
30 mills., slight spasm of foot (soo pp. 4us. 
inor>); at 43 niiii.s., temporary di/.ziia'ss and 
tri'.mlilim; of bauds on standinff up aftor 
ptTiod of forced respiration is over. 

Note that />ll of blood rises in sj*iti“ of com¬ 
pensatory rcuotious of kldui'y. 
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(especiiilly haemoglobin), the brejithing, and the activity of the kidneys. The 
ctunpleteness of the compensation depemls on the <*xtent to which any or all 
of these inechanisnis c,an lx* Inought into play. 



Fio. 57. Ueliition of C.irlKaiic Acid-BicurlKniatc itatio Id //II of Plasma ir> MctalH/lic 
aiid Kcs])iratorv Acidosis and Alkalosis, com{H>iisatcd ami uiRruiijK iisatcd. (Alter 
(lainklc, KxtrnrpUular Flnid, Harvanl ruiversitv l*ress, IJllll.) 

Note that in tliis I’in., Ihoo, and inH’O, an* cxju'csm iJ as ; in Kii'. aS tin y arc expressed as 

volumes oCtUti per lUO c.e. 

I. In “ mt’tnludir " eJianp-s of Mood rea«';fioii ttie rhiimjr in ix /trinian/. 

A. fneoriipensated “ iiietaliolie " acida'inia resultini;. »•.//. from im,M*srio!i of NH 4 r|, ketosis of diahete-* 
mellitu.s «/r starvatif»n, retention of acids in nepiirltis. 

It. The “ metat)olie’• !iei<lieiiiia lias been eompeiisatetl for; there is a fall in alveolar and art<*rial (.'(), 
tirn.sinn and in concentration (cf. Kiu. Ji, (’ aiul D). 

('. rncoinpensated " nietaholic ” alkaheniia re-'Ultinjz, r.fj. from in«esUon of .NalK'O, r»r |»ot:i.ssiiim citrate, 
or vomitimi. 

1>. The “ metabolic” alkaheniia bas been compensated for; there is a rise in alveolar and arterial COj 
tension and 11200 ^ (ameentratiofi. 

ir. In •• respiratort/ ” eiianucs of hlood reaction the rhnmjf in Hif'Ox is pritnnrp. 

j:. t:neonipen.sat.e(i •‘respiratory” aehhemia re.sultin", #'.//. from hreathinu air rieli jn co,, increasial 
formation of C ()2 as in exerei.se or failure to eliminate (H)» beeau.se of disorders of breathing or of 
the eircailation. 

F. The " re.spiratory ” achheniia has been eompen.sat.ed for ; there is an increa.se in jdasina lilK'Oi. 
a. IWieoiiipen.sateil ” respiratory " alkaheniia re.sniting from overventilation at rest. 

II. Tlie. ” resiiiratory ” alkaheinia is compensated for ; tlnrre is a dei rea.se in f>la.sma lllU't),. 

Th« legend to h’ig. 57 should be carefully studictl. The .subject is 
consi(l(;red further Ijtdow. 

Alkalaemia.—In the following conditions there is a tendency to 
alkalcemia (Fig. 57, G, H ;] C, D). 
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(1) Kxrrssirr. hrrafhimj at rest, i.c. breathing in e^(*.ess of tin* amount 
necessary to elimiruite the ("Oj, formed ])y nuitaholism (raspimtor/j alkalamia 
or alkalo.sis) ; st*e Kigs. hO, r>7, U, and ]). 4Oh. 

(2) J'Hcrrasc in the birarhonate conlenf of tlie blood disturbing the. latio 

to tlve alkaliiK*. side (Fig. h7, C) (nietabolic alkalivmia (or 
alkalosis)). Tiiis type of alkalaunia. o(Jcurs in tlie following conditions : 

(i) lng(^stion of hicarhonute or otlier a]kali-]>roducing salts, e.g. ]>otassium 
citrate (p. h8). 

(ii) A gi’ouj) of cojiditiojis associated with vomitinr/ ^: (a) ])yloric obstruction 

(p. 105) ; (b) high ijitest inal obstruction (p. lUS) ; (c) iji sonu* cases of infantile 
diarrhoiu and vomiting. As ex|4ained on p. 105 th(‘re is usually a. grt'ater loss 
of (T than of .Na* in th(‘ vomit; as a result phisma Na+ previously bound 
with or is fr(‘(‘d and coiiil)in(‘s with to forjii Nali(X').^ ; alkahemia 

therefore results. 

It should be Jioted, however, tJiat an incn^ase in plasma BIIOO^ may 
occur in states ol. acida mia wliich result from CO.^ rtitention. Thus in ex(U’cise, 
or when a 002 -ricl) mixture is breathed, tiio OOo tension in the blood rises ; 
secondly, by reactions with haunoglobin, Bll(X).^ also rises. The rise of 
llgOOg, which is is ndatively greater t han tiic ris(‘ of BIKX.).^, which 

is secondary ; th(‘. ratio BllCXt^/JlgOXXj is disturbed to the acid side. The 
condition is one of rcsplratonj acida mia (or acidosis) and as pointed out is 
as.^ociat.(‘(l with an increase of BiKX)^ (Fig. 57, F). 

SvJMJ’roMS or Aj.kal/T:mia.^- .l'h<*se are well S(‘eii clinically when excessive 

doses of alkali are giv(m in the treatment of peptic- ulcer. There is loss of 
aj)])(^tite, h(‘adacht*, irritability and other chajiges in the mental state, nausea 
and vomiting : th(*r(‘ may be acliing pains and twitching in the muscles. 
Hushing or ptuspiration and weakness which may f)ass iiito a state of pro¬ 
stration. Later tetany develoj)S (cf. p. 1(K)7) ; the breathing is slow, the juilse 
is rapid, and fits may occur. The urine volujjie vari(\s (it may b<‘. markedly 
reduced) ; it is usually alkalim^ in reaction and renal damage may be indicated 
by tlie j)rt‘s(nce oi’ alliumiji, granular, and hyaline casts, and red and white 
blood c(*lls.’* bSometimes, however, tlie urine may be acid, conserving base to 
maintain the crystalloid osmothr pressure while “ sacrificing the “ needs ’’ 
of blood reaction (]>. lt)7).J Tlie plasma bicarbonate* is eI(^vated, e.g. u]) to 
HO c.c.%. The r(*nal insutticieiKy which is presc'iit h^ads to an increase in 
the concentration of urea and otlier non-protein nitrogenous constituents of 
th<; plasma. Death may r(*sult in coma,ap])arently mainly as a result of unemia. 
JX)st-mort(‘m, the renal tubules may show' marked degenerative changes. 

Treatment consists in discontinuing the administration of alkali and giving 
Nad and possibly also acidifying vsalts like NH.jd (]>. tKS) and Nall. 2 P 04 . 

Acidaemia. Acida-mia may be ])n*s<*nt owing to a dimijiution of the 
bicarbonate content or to an incn»ase in the ILX’O.^ content of the blood 
(Kig.57,A,B; K, F). 

(1) Pnmarg licduction of — In the following conditions the 

Incarbonate content of the blood is lowered, as it is ust‘d to butler acids wiiich 
liave accumuiat(ul in the body (metabolic, acidamia (acidosis)) (Kig. 57, A). 
The usual responses to acida'iiiia. develop : increas(*d juilmonary ventilation, 

‘ .ininu'tt rt (it., din. !nceslitj., JUaO, 'JU, ItiJl, ITa. 

- (75/. Svi., IlKUi, 2S7. 

^ JitMfjcr ami Biiigor, J. Avier. mad. 11135, 104, 1383. 
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lowerwl alvw)lfir ('Oj, acid iirific, and iiici'ca.s(“d aiimioiiiuiii cotdcnt 

;in> present. 

(i) The Invest ion at' spirit. methyl nleitlml, which giv'<‘s ri'^e to 

fonnif* arid in tlu‘hod}'. 

(ii) Aininoninin cldoridt* aflrr al)sorpi ion is d(‘-a nniuzrd in tin* hod}' : N n .j 
is s]dit. oira!)d JK'l is Irl't, wliirli rtjlrrs tlir hlooil (|>. ‘JS). 

(iii) Dlahclcs Meditus. - Tliorr is an ahnornial a.ci iiimilathni of /hliydro.w- 

l)iityrir and acrlnarrlir acids: they iwe innitlalizrd l)y the plasma ; 



I’m. oS. i'»iis)ii]i of ('arlKinic Arid Uirai lMHialc .l»at io in PiMsiiia In /dl nl Piasnia 

ill rn('nmp<‘iisatrd aial ('()m|K*iisatc<l A< ida*mia dm* In r«'(lin-1inM rd' UIK'D;,. (Afti'r 
wamble, Krtrarrllnlnr blaid. Harvard I'niviMsily I’n ss. lP4ib) 

TIi(.'On <sti]iploil foliinin) iiPovo hnrizoiitnl lirn'; ItllCO,, (|i:iIc1i'm 1 (‘nlimni) Ix.-low lMiriz<»ntal Iliir*, in 
voliimrs «)f CU.. ]u r nait. 

A. A'onuai H,rO;,/iim'Oa; " »■ 

n, r, I). Kcrliirtioii f)f pljisniji IIHOO;, to lialf noriiial valm* liy additiMn of Jirid. 

n. All tlio CO,; wliirli iM r»'lr;isi*d f)y tin* d«'r<)in|Misitioii of idlCO;, n-tanii'd in lln- plaKiiia as II .on., ; 
rrsiiltiri}; yd I <>*0. 

r. All the C(Ja relra.srd hy tlm d4-foinpo-,iti<in of IIlK'Oj i> " blown oil ” by in( H‘a..scd jnilmonary ventila¬ 
tion su tli.'it Hd'O, remains norniul (lint lilJca)., i'. Imlved) ; resiiltine ydl i.s 71. 

J.) All the rele.Msed ('()„ is hl<iwn off and in addition, by a fnrtlirr inerea.se in Ihe pnlnif)nary ventilation, 
the il-COa is j»ro)'re.ssively n-dimed below its intrnial \ahie ; y/Jl jjroure.s.sively retnrns to normal. 


the ralio 'O.j is distnrhrd to tin* nrid .sid(‘ ])(‘ca.nsr is 

r(‘dijrrd and .11./is inrn*a.srd. Fi,Lr. hS illustrates tin* .sMpirnrr of events 
when lialf tlie. is u.simI to neutralize the acids. Jn t he alisimce of the 

vital reactions the pH -would alter from 7*1 to ti-H. l)reathin.u is, however, 
stiinulatidl ; it first eliminates all the ext.-ess (JO^ i’ormedl hy tln^ hulTe.rin^ 
reaction in th^g hlood ; it then turns out still more, H()^, thus rediieing the 
alveolar CO.^ t(*nsioJi, and therid'ore the arterial (^O., tension to hdmr .normal 
the ratio of BHCO.^ dl/’O., is restored a.j)})roxiinately to normal, 'fhe kidmiy 
then eoim's into actimi : a hij^ddy acid urim*. is jifissed ; laree amounts of 
NH.j are form(‘d to neutralize tlir^ acids; fixed base (y'.c. Na^) is r(‘ahsorhed 
ln*l]»iii^ to restore am! preserve the jilasina HH(’();{ (see also p. h‘21). 
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(iv) Siinihir on a siinillcr scale? occur in starvation (|>. 

(v) In ncptnil-is (|>. 7t)) anti ur;cniia (pp. 77, 4.')!)). 

(vi) In eases oC inlantilt' diavvlnxv.v and vomiting in wiiicii tlic loss oi* ha.s<‘ 
(cations) in tin* fa'ct^s (‘xct't'ds that of acitl j*adi(‘als (ai)it)ns). 

(2) Priuuiry (\r(rss (tf ('O,, (via ihe farm in ihe hUfod (rcs/drnt(trif 

arnhentin or tK'idnsis) occurs (Fi^. o7, F, F) 

(i) In c\pcrinnuital lu’catliini»' ot rich mixtures (p. ‘>!t|). 

(ii) In MHsciddr hJ.rcn'isr. Tlic acidjcmia ed’ muscular exercise is tliscusstal 
on pp. l‘»(> e( st'tj. Ill m<Klctatt‘ <‘\(‘rcis<* it is du»* sohdv to excess (’O.^ Idrmet! 
hv tht‘ active* tissues. In severe* exe‘rcise‘ lactic acid e‘nteis the, blood stream, 
<h*cn*asin” the* ]>lasma bicarliemati^ and so prodman^ a “ me?tabe>Ii(‘ " acida*mia 
as wtdl. 

(iii) During shr/t the* alve*ola.r rise's bee-aust* of iiiadeapiate* pulmonary 
ventilation (p. Itif)) ; the urim* is highly ae*i<i. 

(iv) in jtoistmin.e' with morphine* and etthe*!- nar■c^^ti(^s and anaesthetics, 
ow^n^^ to depre'ssion of the re.*spiratorv cetitre*. ddie ptdmonary \a*nl ila tiem 
l)e*c<une*s inadeijuate* and so ('(L is not eliniinalt'tl in sullicie'ut sitneuints. 

(v) In heart failure? wIh'ii tin* ]>ulmonarv e*pitheliuin may be* eiama^‘d 
so that FOj, cannot ditfuse* out re*a.dily (p. It'd). 

(vi) In e‘m[)hy.se*ma, whe*re* the* t'iOj, le'usiem in the? alve*e)lar air is raist*d. 
'this e'euielit iem is part ially but not fully e‘(»m])ensate*d for by an increased 
bicarbonate e’onte*nt e»f the* bloeal (cf. p. loh). 

(vii) in e»bstruction to the? main re*spiratoj:y j»assatre‘s (p. loS). 

Tn the whole* ol' this eroup the‘re* is. as e*x|)lain(‘d (p. ltd), a se*condary 
ine‘re*ase‘ e)f i^lKJO.^ ; the* aeiehemia pe'rsists as leuie- as tin* I-JUFO.., eloes met 
ine*re‘ase* to tin? same? e*x1(‘nt as the* !L(’0;c 

iiAUOUATOHV I NVKSTKJATleiX e)F .AeiO.KMIA AM) A LK A U/KM IA-1 11 tlie*se? 
conditions the de*te*rmination e.>f tin* plasma bicarbonate is often iise‘ful (pp. htt 
b’J). I fit is d<‘e*i'«*ase*d lln-re* is eithe*r metabolic acielaniia or “ re'spiratory 
alkab-emia ; if it is increase*el there is e'ither me‘tabe>lie‘ alkala*mia. or 
“ re‘S|)iratory “ acida-mia. Usually the nYdd. e*onclusie»n e-an be* drawn from 
a cemside'iatiou e)f all the* clinie?al elata. If ehudet ]>ersists tin'll the* y/ll eef the 
blood must- be* directly eh'tormine?d. 


F.FFKUTS ON !U)|)Y FLUIDS OF OLSTRUtTION OF 
THF ALIMKNTARV (WNAL' 

General Considerations. -Te) survive*, the be>dy net*ds eixygeii, water, 
e*leetrolyte*s. and food in appropriate amounts. In intestinal eihstructiein 
tln*re* is le)ss of water and ele*et.re)lytes in varyine: proportions, thus elistiirhine- 
))otli the volume* and eompe)sitie)n of the* boely tluids ; the fluid whie*h is lost 
from the ]>odv inav lie* neutral, ae-id, or alkaline? in reaction so h'adin*:: to 
alkala'inia or a(?ida*mia. The* failure to retain feeeiel is e)f little irufiortance* 
from the short-term point of view but beeomes iue*re*asiugly significant as 
tiu* j)e‘ri()d of e)l)strue*tion is preihmgeel. If the* obstrue*tiem is ae*ee)inpanie*d 
by clianges in tin* state? of the* inte*stinal Mood ve*sse*ls tfiere may he loss of 

* (;lnml)Ic, Kxtracvlitdar Fluids Marveird riiivrrHify IVchs, IU4t). Cooper, Arch. Sury.^ 
lt>2S, 77, 1)18. JNrivcr, Inftstuial Obfttruction, K.W^ Jl)*)4. Holt, ]Mna:l, IDItl), ii, Ul, 
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plasma or evtMi of wliolr l)loo(l from tln'so vessels into the liimoii of tfie gut 
increasing the difliculties of plasma volume regulation. Th(‘ clinical condition 
is aggravated bv pain, vomiting, and tlie development, of infection. 

T]i(‘ results of simple salt deprivation ami of water deprivation (which 
produces water and sail loss) ar<‘ described on ])]>. bl, <>ti. As menliom'd on 


Seerction. 

Ve»liim(! e.e. 

Total NaCl g. 

Saliva 

. ' 1500 

e 

(Jastrie ,Iui(?e.? 

2000-:K)00 

1 i5-:io 

BiU' 

500- 1000 

7 

PaiH'reatic .luice . 

500 SOO 

S 

Succus Kiitericus. 

. ; ? aooo 

? IS 


]). b, an immeiist* \vater and electrolyte turnovtu* tak(‘s place* in the* alimentary 
canal. Tin* I'abh* above indicates the daily av(‘rage \’olumes of tin* digestive 
juices whicli (‘liter the bow(‘l from the blood and which are* normally practically 
completely re‘absorl)e*d into the blood. 

Fig. bit sets out the.* ele'edrolyte conijiosition e)f tin* main gastr(»-intestinal 
secre*tie)ns and e*onipare*s it with that of jilasma. 



BLOOD GASTRIC GASTRIC PANC. LIVER SUCCUS 
PLASMA JUICE MUCUS JUICE BILE ENTER. 


Kie;. 59. -Kleetrolvte (Vniijio.sition of Plasma, (lastrie .luiee, (tastrie Mucus, Pancreatic 
.luice, Liver Pile ami Succus Kutcrieus. (Alter (lambic, fJxtrare.ilalar Flnid, liarvarel 
I'niversity I'rcss, 1949.) 

Co'injAda loss e)f the gastrointestinal .secredions for 21 lieinrs would elejirive* 
the* beidy of about 8 li of water en uejarly ojiti-fifth e»f the* total bealy water, 
a Joss suiheient in itsedf t-o produce? a grave; clinical cojiditieni. Idris water 
loss woidd be accoinpanie‘d by tin; loss of the. (‘lectrolytes in the juices, the 
net result being tin; loss of an approximately isosmotic solntiem of varying 
acid-]>as(; baltince. The total salt Joss in a day might be. 50 g. compared 
with a total salt (;ontent in all the body Iluids of tiie order of lOU g. (and a 
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daily wdt intake of say 10 g.). It should ]>e carefully home, in mind that 
over and al>ove the obvious loss by vomiting, unavoida.ble Iluid losses are 
taking |)la(;e : in the lungs (-lOO (*.(*..), by insensibhi pers]>iration (GOO (\c.), and 
in the imne (the minimum volume m^ce.ssar}’^ to eliminate the waste j^roducts 
from lh(‘. body is about 500 c.e.), or a total of at least 1500 e.c. If sweating 
is taking place tin; wat-(U‘ loss is even greater. Jf none of th^^ w^atcjr drunk is 
ndained then the water lost is the volume vomited pins the loss by the other 
routes just indicat(‘d (minus the w’ater resulting from oxidation of the food- 
stuiTs). The loss of body fluid in intestinal obstruction is not a (juestion of 
simple dehydration, Lc. sirnph* loss of water ; it is a loss of wat(*r accompanmi 
In/ loss of (dectroh/fr.s. 

Results of Loss of Gastric Secretion. -'Ihe main gastric glands 
(j). 775) secrett^ a Iluid which, apart from its enzyme content, is practically 
a 0-1 N. solution of HCl; gastric, mucus and the s(?c?'etion of the j)yloric 
region is alkaline, the cont.ained eI(‘.etrolytes Ixung Na', (U', and llCOy'. 
The volume of fluid secretcMl by the main gastric glands normally far exceeds 
t hat fornu'd in the ()yloric glands. Loss of gastric s(*.cretion (by vomiting 
or aspiration) leads to loss of water and of Cl', a relatively smaller loss of Na ‘‘ 
and a variable loss of Ii+ (acid). In comi>lete pyloric obstruction none of the 
water drunk can be retained. It must be remembered too that the unavoid¬ 
able water loss is going on all the time. 

(1) Expkhimemtal Pyloku: Obstuiktion.—I n a rabbit with pyloric 
ol.)struction the loss of water and electrolytes in 3G hours was as follows ; 

Water lost, 203 c.c.. [initial plasma volume, 83 c.c.]. 

Changes in Na+ and CV (in m.Kq.) were : 

Na+ lost, 27 m.E(i. |initial total plasma Na'^’: 11 m.Eq.J. 

Cl' lost, 30*9 m.Eq. [initial total plasma Cl' : 8-5 m.Eq.J. 

As the loss (»f w^at(ir, NaJ, and CT', gnratly exceinled that present initially in 
the whoh*. plasma it is clear that the interstitial Iluid must have been draw'ii 
upon to a considerable cxt(*nt. As the Cl' lost is greater than the loss of 
Na^, some of the extracellular Na‘ is fretjd to combine with free COg (as 
HCOy') to form NallCOy, thus producing an alkaUrmia. 

(2) CniNK’AL Pyloric Obstruct on. —In clinical pyloric stenosis the 
same fundamental changes occur. If the com[)ositioji of the. total fluid lost 
(by all routes) wore isosniotic, then the crystalloid o.j>. of the extracellular 
fluid would remain unclianged (though its volume is diminished). Under 
these cireurnstajices there would be no withdrawal of intracellular fluid. In 
practh^e the net result clinically is a nihtirch/ (/renter loss of dec'trolt/tes than 
of wafer. The <'xtracellular fluid tlius becoiiu^s hypotonw as well as reduced 
in volume ; the plasma shows a marked fall of Cl', a less marked fall of Na^, 
and an increasti of FfCO.,' (a,s NalJCOy) (Fig. GO). lh‘.cause the crystalloid 
osmotic pressure of the extracdlular fluid is reduccxl, iluid flow^s into the 
(•ells, thus further decreasing the extra(5elhilar Iluid volume. The volume of 
the plasma is, how(^ver, ])artly protected by’^ the rise* of plasma protein osmotic 
pressure which helf)s to re.tain iluid in the blood (note the increase in R in 
Pig. GO) whicli is due mainly to increased protein concauitration. As the 
plasma volume decreases, the red v,v\\ count and the luemoglobin concentration 
correspondingly rise. The kidney responds as expecteci by a reduction in 

4* 
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the volume of urim^ to the miuinial value, by the maximal (h'j^ree of re- 
absorptiou of electrolytes and by the secretion of an alkalim* urine. Ulti¬ 
mately tlie kidney fails because of impaired l)Iood siipj)ly and tlie harmful 
effects of the electrolyte iml)alance (chieliy lack of Na^ ions) (cf. [>. b'J). 

(3) Gastric AsriK/VnoN Puts Watfor Eerlackmkx r.—Pi", bl illustrates 
an experiment f>erformod in man. (Continuous aspiration of the pistric juice 
was carried out for several days, irafer and enciyff r(‘(juiremenls l)eing made 
good by drinking water and a glucose solution. The joss is thus of electrolytes 
only ; of Cr, relatively less Na>, and of II ^ (acid), i.e. there was a depletion 



Fig. no. J'^lcctrolylf Composition of Xornjal IMasni.n jiixl the Pl.isin.i in PvlMi ic 
<Fl)structk)n, Duodonal Ot»strurtion, arjrl A(lclisf>ri’s Disease. (After 
Gamble, Extruceilnlar Fluid, Harvard rniversitv JVess, l!)4U.) 

O.A.—organic acids; Ittotal base; Kot, ac.—Keto-acids. 

R -coinbiiii'd coiic.ciitratioa ol'organic aciil, jihosphatc, sulphate, and i»rotcin. 

Note iijcn\'i.se of K in all tlircc jmthoJogiral conditions. In “ OnorlfUial Obstruction " the kcto-a<'i<ls have 
been depicted separately ; ta get the comparable vaJiic of R the kcto-acid eoiiccntration should la* 
added to the R shown, 

of only salt and acid. The, exl.ractdlular iJnid became hypot-onic (though 
unchanged in volume) and water doubtless Jlowed into the cells, incieasing 
their volume. The plasma showed the expected decrease in ( U' and an increase 
in BllCO., (the plasma bic^arboiiate rose from 1>5 to 110 c.e. of (-Oo pc*r 
loo c.c.) ; tlnue, was no haimoconceiitration, showing that tlie water intake 
was adequate. The kidney showed the (!hara('teristi(j failure which results 
from Na+ and OP depletion : the volume of urine was reduced to only 500 <;.(*. 
daily in spite of a plentiful water intake ; although the urine was alkaline 
(as would bo exjiected in alkalaunia) the plasma hicarbonate continued to 
rise. Nitrogenous excretion was inadc(juate (c.r/. the total urea ouifiut was 
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decniaswl) l(uuliiig to iiitronotious retention (uzotscmia); the blood urea rose 
from .‘iO inj:;. to K:>n tnjj;. ])ur lOO c.c*. 


On mlTninistratioii of snliiiu tlie plasiiui 
(■!' rose to norniiil, ruphican^ 11(^0./ : 
tli(^ pliisnia l)i(*.arboiiiil(Oull Riul plasniM. 
Nii”^ douhtluss rose. .R(mi;j 1 fietivity 
was resturoiJ and the ret.aiiuMl iiitro- 
geiioiis coiistituents soon elimin¬ 
ated, blood urea returning to normal. 

Similarly, if a, snlt-frea solution («.//. 
a glucose solution) is injeete.d in 
clinical cases of |)yloric obstruction in 
suflicieiit volume to make good the 
wat(‘T loss, the plasma volume can 
be liilly restored and the. anhydnemia 
relieved, but the alkalamiia. and (to a 
smaller extciut) the renal failure are 
uuaiVeeted. 

Arid I’riitr in AlLalnmia from 
Sail Lofi.s due to Vomiting/. In some 
patienls an aiad urine is passed in 
spite of the alkalaunia. The explana¬ 
tion may be tha,t plasma (‘lystalloid 
osmotic pressure is being sustained at 
the “ <*.\|)ense ’’ of blood reaction regu¬ 
lation. The excr(‘tion of an alhalinr 
urine involves (.Ik* loss of base as 
bicarixm.ate (lUlCOy) (Fig. 52 ) ; in 
addition extra bas(? is lost because 
the urinary jdiospliate is excretexi 
mainly in tlie form of i*iHtt-ud 

of JilljjFOj. The loss of this extra 
base hnvers tiu* 111l(’03 content of the 
plasma, but its crystalloid (»sniotic 
pnissun*. also falls ; s(x.*retion of an 
alkaline urine in states of salt lack 



thus preservers blootl nraction at the 
“ expense ” of crystalloid osmotic 


3 5 7 9 

DAYS 


pHissure. On tlie other hand, if an 
acid uriiK* is exiTcted, there is no loss 
of base in the form of BIICO3 or of 
B0IIBO4 ; the sulfdiate and even the 
phosphate may be excreted in the 
urine as ammonium salts. As a result 
the plasma BHC.^O.^ is maintained pre¬ 
serving (as statcul above) crystalline 
osmotic })ressure at. the ' expense. 
of blood nraction. 


Tic. ()I. ChaDg»‘.s in Blood and Urine 
following Exj)t*rinu*ntal As]>iratioii of 
Giislrit; (-ontentH. (Xicol, Quart. J. 
M&L. I‘MO, 9, 08.) 

Adult iti cUuirtilly normal Htate (apart from .Klipclit 
alkiiluunia duo to alkali therajty). Aspirate 
I litres* ol ^jiistric conteiit-s daily for ;i days ; 
salt intake nsslrlctod ; Iluid and kIiicoso Kiv(^n 
frocly. fall in plasma Cl', rise in 

blood nroa and (ilasma Itioarbonato and 
d(M•^oasl^d urino volnmo. On ttth day jjlve 
saline injections : blood composition rapidly 
re.stored to normal. 


If NaCl is given to such cases, a highly alkaline urine containing large 
amounts of BIICO3 B2HP()4 is passed and the blood reai^tion rapidly 
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returns to normal. The explanation is as follows : in salt loss due to vomiting 
the fall of ])lasnia Cl' may he greater than that of Na‘ ; the plasma Na^ 
is thus rest(»red to normal before the (T. As soon as tln^re is a slight excess 
of Na+ it is excret ed as NaHCOa, tliiis restoring tlu^ blood reaction. 

Alkalamia from Vomitimj hi Caftrs of Uastric .Ic/z/or/f/yr/r/V/.- leases of 
carcijioma of tin* stomach in which vo (jasfrir HCl is h(‘ing secrett*d may 
de.velof) alkalamiia if severe vomiting takes place. As Na^ and VV are lieing 
lost in equivalent amounts the question arises where the Na^ ct)mes from 
with which the extra plasma HCO./ is combined. 'Thtu-e is no (‘ertain answ(»r, 
but possibly in such cases dist url)ed renal function may lead to more etficieiit 
reabsorption of Na”*" than of Cl' : the surplus Na"^ unites with to form 

bicarbonate, so })roducing an alkaheniia. 

Simple High Small-Intestine Obstruction.— With simple obstruction 
high up in the small intestine, absor]>tion of saliva, gastric juice, bile, and 
pancreatic juice (and ingested food and water) is interfered with ; these, 
fluids accumulate above the block and disteiid the bowel, setting u]> powerful, 
colicky peristaltic niov<‘ments and profuse vomiting. As is evident from the 
data ill the Table on p. 10-1, in a very short tiitie an enormous loss of water 
may occur which is probably the main factor n‘sponsible for death, it should 
be boriH^ in mind that the usual additional fluid is being lost from the body 
in the urine, from t\w. skin (insensible j>erspiration 000 c.c. and sweat (f). 107)), 
ill the breath (400 c.c.), and in tlie fa*ces (if any ar(‘ ]>ass(‘d). 

The fluid lost is a})proxiinately isosmotic and neutral ; as water is htdng 
lost at the same time by tb(‘ uncontrollable routes tliere may ])e relatively 
more, loss of water than of salt ; on the other liand, if some ing(‘st(‘d water 
is being retained the loss of salt may be the greater. Examination of the 
blood (Fig. OO) suggests that salf losa exenuis that of ivati^r^ th(‘ changes observ<M] 
being essentially tlui same as in j)ylorie obstruction, /.c. (i) fall of plasma 
CT (hi/pochloraania) ; (ii) aUaJaihia from in<’n*ased f)lasma bicarbonate dm* 
to Cr loss exceeding that of Na’S the plasma .WC being thus freed to combine 
with free COg (HCO 3 ') to form bicarbonate; (iii) nitrogenous retention 
{azotamia) secondary to renal failure. The urinary (T disaj>j)(*ars owing to 
c()m])lete absorption of CV in the tubules; tlie uniiary reaction is usually 
alkaline but may be acid (p. 107). 

The intestinal distension r<^ferr(*<l to abovo aggravates the. condition in 
various ways : (i) intestinal secretion is stimulated ; (ii) vomiting is w^orsened ; 
(iii) th(‘re is int('rference wit li the circulation in the gut wall leading to venous 
and capillary engorgement. Tin* rise of capillary pressure and tin* altered 
})errneability of the caj)illary endothelium leads to the escape of large (juanti- 
ties of protein-rich fluid into tin* gut wall. When half the length of the 
small intestine is involved a volume of fluid ecpial to half the plasma volume 
may be lost in this way. All the factors eminn*rated above intensify the 
anhydraunia. Signs of dehydration inakt*. their app(»arance when the net 
fluid loss is (Hjual to 6% of the body weiglit, I.e. to about 4000 c.c. ; from the 
calculations given on p. 104, it is obvious that such a loss can occur with 
startling rapidity.^ 

The swollen, overstretched intestinal wall loses tone and contractility, 
and finally com])l(*tf> paralysis develops above tlie level of the obstruction ; 
haemorrhages may o(rcur in the gut wall, patches of n(*crosis develop, and 
* Ain], Brit. J. Sury., 1938-39, 20, 418. 
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finally perforation may take f)la.ce. At any sta<j;e infection may complicate 
the issue. In advanctMl cast's rt.'spiration is tle])ress(‘d owing to the alkaUernia 
and periods of a])na*a may occur ; there may he signs of frtant/. Tlie 
plasma volumti is as usual initially well maintained bet;ause the fluid loss is 
in largt*. measurt* horm* by the interstitial spaces ; but. as tin*, anhydraunia 
becomes worse iht' plasma volume is substant ially dt'creast'd, and circulatory 
failure occurs, producing anoxia and cyanosis anti aggravating the renal 
failurt*. 

IjOW Smali.-I x'J’Estink Ons'riM'criox. Symptonis dt'velop more gradually 
and are less scvt're as a.f)sorption of wattu- and solutes can take [tlace more 
satisfactorily abovt' tln^ level of the block. On the ot]i(*r hand, as intestinal 
distt'nsion Ix'comes mort‘ markt'd, local circulatory tlisttirbances dt'velop ; 
loss of fluid into the gut wall itself them Ix'conu's a s(‘rious fac't or, intensifying 
the anhydrjcmia. 

Principles of Treatment of Water and Electrolyte Lack. -The 
essential principle is to det(‘rmine accurat(?ly the nature of the, disturbance 
and to take, the nec<*ssa.rv measures ]uomj>tly t.o correct it. In clinical condi¬ 
tions in which varying (h'grees of (lepletion of water, Na’’ and Cl' and pH 
changes hav(^ produccal a complex alteration of tin; (‘h'ctrolyte pattern and 
the fluid volume and distribution, it is found that as soon as enough water 
and salt (sodium chloride) have been proclded, to restore renal aetiriti/ ths kidneys 
enn be relied uyon to restore the electrolyte pattern (tf the body fluids accurately 
to normal by their own specialized activities, 

(1) SiMCLio Watku Loss. When f)ra(‘ticabl(; give plenty of wat(*r to 
drink ; in addition inject glucose solution inlra\(‘nously to produce 
rapid effects: the sugar is metaboli/xd (yielding energy) leaving tin; water 
of the solution to make gooil the water <leficiency. Salt (or weak saline) 
should also be giv(*n to make good the associated salt lack ([). (>7). 

(2) Watkii AM) Salt Loss. Saline is given by a, 11 convenient 

routes until f-/' appears in the urine, indicating that the Cl' content 
of the extracellular fluids is r(;stored t.o Jiornial. Water or a glucose 
solution can then be given to make good any remaining shortage of body 
water. 

(Jl) SiMTLK IxTKSTiNAL OusTiujcTiox. -Ft is dear from what was stated 
on p. loti that administration of water or glucose solution is useh'ss ; a 
bicarbonate solution aggravates tin* pre-existing alkaljcmia. Saline 
must be given on t in* lines i]idicat<*d in (2). T<*tany can b<; r(;lieved by acidify¬ 
ing procedures, e.y. inhalation of 5*’^, CO.^ or injection of soluble calciuiii salts 
(/■•//• CaCU). ( Jreat; relief is obtained <;linically by (iontinuous aspiration 
of the gastric and duodenal contents to relieve the vomiting and the intestinal 
distension, it should be r(*membered however that continuous aspiration 
on these lines, e.y. for 0 days, may withdraw over IK) g. of sodium chloride 
from the body and a y(;ry la.rge yolunn* of fluid. Tin; water and salt loss so 
produced is just as r(;al as when it re .suits from vomiting, though less spectacular 
and less distressing. 

A sa.lt-lactate solution (containing NaCl and Na lactate) is of value in 
states of low plasma bicarbonate ; the addition of KCl may be useful.' The 
lactate ion is oxidized freeing the Na* to condiiin; with (Xlg to re-form NaHC 03 

^ Rut-lor’s solution contains the following constituents in m.Kq./r<: Nii‘ , 30 ; K^, 15 ; 
Cl', 22 ; Lactate', 20 ; also llPO/, 3 mg/L; all in 5% glucose (cf. p. 971). 
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(as occurs during tlie recovery phase after severe muscular exercise 
(p. 440). 

Isotonic (I f)');,) sodium l)i(;arl)onate solution is of value as an em<*rg(‘iicy 
measure in dangerous degrees of acidosis due to Na HCO.^ d(*})l<'.tion until salt 
or salt-lactate solutions can he given. 

Obstruction initially associated with Interference with Local 
Blood Supply (Strangulation). —Usually the veins art* obstructed. 
Capillary engorgtnneiit ht'comes int(‘ns(* ; the peritoneum is lilleil ^vith an 
exudatt; resembling plasma : the gut lunu*.n is tilled with a thick red exudate. 
Organisms prolift*rate rapidl}' in the cojitents of the bowel and in its wall 
liberating toxins which arc ])i‘obably the cause of death. The clinical con¬ 
dition is aggravated by S(*rious loss of plasma or of blood into the bowel 
and the presence of infection. After a time the tluiil in the bowtd bec.omes 
darker and finally black and exceedingly i-oxic : if injt*(T(Hi intraptM-itoneally 
into another animal it proves ra[)idly fatal. 

If the terminal ])art of the ileum is anastomosi‘d to the n'ctum and the 
intervening isolated portion of tJui colon is closed, no evidence of intoxication 
appears. The lower end of the closed colon is later found lillcd with a saiisagt*- 
like mass having the a])pearanee and consistency of normal fjcees. Ko toxins 
are produced and no symj>toms develop. 
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(Edema.— By ocdoTiia is meant an abnormal accumulaiitm of lliiid in the 
intercellular sjiaces; it occurs p]ii/siolo(firalh/ in muscles <juring. and for 
some hours after, activity. For clinically deimuistrablc n‘(l(‘iiia to occur in 
the skin and subcutaneous tissues the volunu* of extracellular iluid must 
increase locally by about 1U%. 

lioLE OF AiiNOKMAL Capillakv Peraik.aiu LiTV .‘—IncH'asefl capillary per¬ 
meability to water and dissolved crystalloids speeds up interchanges between 
the plasma and the tissue spaces but does not alter the Jinal distribution set up. 
If, however, the capillaries become excessively permeable to protein, j>Iasma 
protein in varying amounts esca[>(*s from the plasma int»> the tissue sjaicrs ami 
the normal balance of forces is disturbed. As tlie i)rotein conceutratioii in the. 
plasma falls the holding power of the blood for fluid is decnaised and so more 
tends to escape ; at the. same time the protein content and osmotic pressure 
of tluj tissue-spaces rise le.ading to greater suction of fluid into the tissue. s])aces 
and its retention there in (jxcessivc amounts, causing mdi'ma. The (rdeina or 
wheal due to skin injury ami injected liistamine is [)?()<luced in this way 
(p. ,‘J24). Ill all forms of a*dema the aecumiilation of fluid in the tissue sjiaces 
leads to a rise of tissue fluid pressure wdiieh tends to check further escajie of 
fluid from the blood vessels. 

In susceptible subjects, liifht stroking of tJie skin may giv(‘ rise to the llan^ 
and W'lieal (urlimria fact it ia. Fig. 19b) ; the injection of liistamine into the. skin 
in thes<* cases produces a local resjionsc of normal characU*!-, imlicating that 
there, is no state of unusual reactivity of the local Vf*ssels. It would a|>pea,r that 
the ])recurs()r of histamine, which is j)res(*nt in the skin cells, is ejcessivelt/ 
unstable, in this disorder, so that very trivial injuries are suflicieut to caiist^ the 
liberation of histamine in sufficient coneo.iitratioii to give the. full “ t.riph* 


^ Nurmal capillary pcniu^ability ia diacuHaed on p. t>; see also pp. 17- 21. 
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n'sponsD.'’ V^nrious poisons taken in tlj«^ food, or (‘lalionitcd in tli(‘ l)odv", niav 
also ^ive rist* to iirticn.ria, possililv hv liberating fiistaniine in fli(‘ skin (cf. 
p. :m). 

The. |»athologi(ail varieties of (edema will now be discussed. 

Causes of (Edema. I. Venous Obstruction. -Sevi^ral factors are 
probably ifivolvcAJ ; (i) V'enoiis obstruction rais(\s venous and cajiiilary 

])ressure and thus increase's tiltration of iluid out into th(‘ tissues, (ii) In 
cases in which the v<‘nous obstruction is associated with intlammation of 
the v(‘in Avail (phlebitis) or of the surrounding tissue, rellex arterial spasm 
may occur heading, when the lower limb is invoLv(‘.d, to a “ white leg ” : the 
skin is jiale and cold and the pulse in the distal arteries is dirninisluHl or 
absent, (iii) As a result of the chang(*s in the arteries and V(uns the blood- 
tlov\" to th('. aflecled jiart is slow(‘d <iown, heading to local accumulation of 
vasodilator metabolites which may increase ca|>illary j)erm(‘ability and so 
permit the ('.scap<^ (d' a fluid (‘xccissively rich in proti'in. Some of the metab- 
oliU^s ma,y be osmot,i(;ally active and thus further increase', tissue-fluid 
formation and retention. The extent to which th(‘se. various factors 0 ])erate 
determiiHis the degref^ of o:.‘dema produced. 

2. Cardiac CEdema.^ —In congestive heart failure cjedema may be a 
very i)romintint synij)t()m. The nu'chanisms coruR'Tned are vascMlar and 
renal, 

(1) The venous pressure in the median basilic vein in severe. cas(*s of 
cong(\stive failure is rais(^ci from the normal level of 10 15 cm. HgO to 
30-.‘35 (-•m. lUO. The capillary })ressiire must be coiT(5spondingly higher, 
and fluid tlKuefort'. tc?ids l.o filter out into the. tissue spaces. Tlie depressed 
cardiac, output fails to maintain an adecjuate blood supply to the organs ; 
cellular metabolism is disturlxHl and metabolites instead of being rapidly 
removed ac'.e.umuhite in the tissue .^])ae(‘s : the local osmotic pressure risers 
and n'tention of inb'rstitial Iluid follows. 'FJjc o'dema fluid contains protein 
in concentrations varying from a trace to 0-5% indicating some, but on the 
wl’iole not greatly incn‘as(‘d permeability of the capillaries to j)rotein. The 
(fd^'ina llnirl is most readily formed in tlie dejamdent parts because there 
the (Mpillnries are subjected to the additional hydrostatic pr(\ssure of the 
column of blood (p. 17). The cvdimia is noticed in the ankles in the evening 
if the ])aticnt is walking about, and pass(*s off during the. night. 

(2) A renal factor is frecpicntly in op^'ration also. In a normal person 
flic sodium exen'tion iii tlic urine approximately ecpnils the ijitake, thus 
keeping the Na ' conccuitratioii hi the ])lasina and interstitial iluid within 
normal limits. In congestive lieart failure, urinary Na"^ excretion is redu(!cd, 
ev(‘.n down to i% of iiormal (Fig. 02). Owing to Na*'’ retention, water is 
S('C(mdarily rtitained in the (‘xtracadlular fluid to preserve the normal osmotic 
concentrations ; tin*, flow of urine is corresponding diHuea.sed. The reasons 
for the failnn^ of Na.' excretion are ob.‘^cur(s but the following suggestions 
have been made. 

(i) Owing to a reduciid rtuial blood flow, the glomerular filtration rate is 
deert^ased leading stjcondarilv to retimlioii of sodium. In some cases of 
coiigestiv(* heart failure with marked oedema tin*, measured renal plasma flow 
was 2U- 30% of normal, and tin? glomerular filtrate volume 30 50% of iioriiial; 

' limd and Feif’ar, Quart. ./. Mffi., 1950, 7.9, 187, 2l2l. Merrill, J. din, Inrcstiij.t 1940, 
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Fia. 62.— Sodium and Water Output in 
('oiigestivc Heart Failure. (Reader 
arid iRircli, Pror. Soc. exp. Jiiol. 
MaL, 1940, (h'l r>4;i.) 

The block UiaKrains ooinijarc the urine volume 
(ill e.c, per ininiite) ami sodiuiu excretion 
in a nuriiuil subject ami a fiatient >vitti 
conuestive licart lailure before ami after 
adininislcriiig a mercurial diuretie. 

C.TT.F.: congestive heart failure. 

ilegiilar and Low : normal diet and sult-fna? 
diet respectively. 

Before beginning the observations both the 
normal subject and the patient were given 
liUU e.e. of a I”,, solution of--.Na< 1* {i.r. 
sodium chloride containing radio-active 
--^Na*, half-life ti years) whi<h ditfUM-.s 
throughout the body Iluid.s; the rate ol 
excretion iif “-,\a* in the urim- is <letermined 
with a (Jeiger counter and is directly 
proportional to total Na excretion. 

Urine, volume: On a normal salt intake the 
normal subject .secretes 2 :i2 e.e. of urine 
per minute comi)ared with 0-fi7 c.c. in tin- 
I)atient; the mercurial diuretie greatly in¬ 
creases urine tlow in the latter (to IPO’c.c,). 

On the Um salt intake the urine volume is 
erjually low in both .subjects but i.s again 
increased in tlie ])atient by the diuretie 
(from 0’87 to 2*0] c.c.), 

Aa excretion : Note the failure of Aa excretion in 
the patient and the enormous increase (from 
6-0 to 49^1 eounis on a normal diid, ami 
from 28 to 166 on a salt fre<r diet) iirodueed 
hy the diuretie. 


tlie filtration fraction was 0*5% 
which is sii^fjestivi^ of constriction of 
tin* efierent nrlonionilar vessels (]). 25).’ 
Hut, MS f'.vplaiiH'd on p. 7.‘i, the 
gloiiuM-ular filtrat(‘ must. fall to 
nc^liifihly low h‘vcls before failure 
to exerete the normal Na ' intake can 
o(*cur; such a decree of renal failure 
would be. inevitably associated witli 
marked ndention of nitrogenous w'aste 
products, wliicli iu fact does not take 
place. 

(ii) More [irobably, there is a primary 
th‘rangeni(‘nt of fiihuhtr function ex¬ 
pressing itself by an excessive degree 
of Na”* reabsorption, i.e. more Na* 
than normally is ])ass(‘d back into tlu* 
blood from th(‘ lumen of th(‘ tubules ; 
the same mecdianism may be r(*s])uns- 
ible for excess reabsorjition of water. 
The tubular abnonnalit.y may be 
s(‘e(>ndary to th(* local cireiilatory dis¬ 
turbance or it may result from some 
end(KTine disorder, e.tf. excessive stuTe- 
tion of the antidiuretie hormone or 
of adrcMial eort(‘X steroids ([>. ih)7). 
What(‘ver the nature of the tubular 
disturbance it is annulled by the 
administration of the mv.rnirial diuretics 
(Fig. 02). A low salt intake relii'ves tlui 
condition by arre,sting the accumulation 
of sodium in the body. 

3. Renal CEdema.- CEd(*ma occurs 
(i) in Ti/pc 2 nejdiritis (nephrosis or 
nephrotic sifndronie) (p. 75) ; (ii) in the 
acute stag!' of Type 1 nephritis (p. 75) : 
(iii) in chronic nephritis ([>. 7t)). 

(1) (Edema of Type 2 Nephritis 
(Nephrosis).***— As (jxplaiiied on p. 75, 
the characteristic renal lesion is liyaliii- 
ization of the basement membrane of 
the glomerular ca])illaries and lipoid 
accumulation in the renal tubules. In 
this disease the aHle.ma is severe and 
is often accompanied by effusions into 


* Normal renal plasma flow minute is 700 e.e.; suppose it is recliH'cd t(» a quarter, 
i.e. to 170 e.e. Normal ghiinerular filtratti volume per minute is 120 e.e. ; suppose 
it is reduced to 40%, i.e. to 50 c.c. Filtration fraction (glomerular filtrate'/renal plasma 

flow)=:=:0-3 (the normal fraction is ^ Leifer, Medirine.^ lO.'H, /O, 135. 




(EDEMA OF TYPE 2 NEPIIPITTS (NEPHROSIS) li;5 

tljc «<‘rous riiviti(*s. In jiccouiitinjr f(,|- t!i<‘ (iMlomji tin* followiiijr points hav<' 
to bo consicbTocl. 

(i) There is a little direct evidence of gtnieral renal insufficiency ; the urea 
clearance test (j). urea concentration test (p. OD), ammonia formation 
(p. 97), blood nitrogen and hydrogen-ion concentration are all normal. 
Hypertension, cardiac enlargement, and uraemic symptoms do not develop. 

(ii) The oedema fluid has a negligible protein content (about O-l*/^, com¬ 
pared with 0*0 1in acute IVpe 1 nephritis) ; this jndicjit(‘s tbet general 
capillary permeability to j)rotcin is jiot increas<*d. 

(iii) The volume of urine is greatly reduced and may only amount to a 
few hundred c.c. daily. If water is ingested, or saline given intravenously, 
the excess fluid is excreted in the urine fairly rapidly and completely. From 
time to time spontaneous marked diuresis takes place. Tli(\se observations 
suggest that the 'primary trouble is not inalnlity of the kidney to excrete 'water or 
salt ; the volume of urine is diminished because the fluid is retained in the 
tissue spaces. 

(iv) The outstanding urinary abnormality is the excretion of large amounts 
of protein up to 5 -20 g. per litre of urine daily, and numerous casts—hyaline, 
granular, or epithelial. The urinary protein is almost wholly albumin (and 
only to a slight extent globulin), and there is no detectable difference between 
it and the albumin of the plasma from which it tioubtless conies. One must 
suppose that the permeability of the glomerular capillaries is altered so that the 
smaller albumin molecules escape from the plasma while the larger globulin 
molecules are retained. 

(v) 'File ex])ected changes are found in the plasma. The total plasma 

protein concentration is reduced, e,g. to 3*5-5*3% ; there is no evidence that 
this is the result of an increased water content of the plasma. The protein 
depletion affects chiefly the albumin which falls from the normal 4% 
to 2 or even 1% ; the albumin/globulin ratio is reduced from 1*5 2 to 
0*5-1.^ The globulin of the plasma may sometimes rise above normal 
owing to comjjensatory regeneration. The plasma protein (joncentration runs 
roughly parallel to the urinary protein loss, but other factors influence it 
too, e,g. varying degrees of fresh protein formation (w*hich depends partly 
on the diet). The plasma protein osmotic pressure is greatly reduced. 
1 g of albumin exerts an o.j). of i) mm. Hg, while 1 g of 

globulin exerts an o.p. of only 1*5 mm. Hg.“ The differential loss of plasma 
jU'otein is most serious from this ])oint of view., especially as the osmotic 
pressure per 1 g. falls as the total concentration falls. The normal balance 
between the blood and the tissues is deranged, and excessive amounts of fluid 
(and secondarily of salt) flow into the tissue spaces and are retained there. 
The fall of serum-albumin concentrjition and the associated low^eriiig of the 
plasma protein osmotic pressure is the chief factor producing the cpdeina 
(Fig. 63) and the effusions into the serious cavities ; owing to fluid retention 
in the tissues the urinary output is decreased. Jn nephrosis the critical 
level for OMlema is said to be a total jflasnia ])rotein concentration of 

and a serum albumin concentration of 2*’,,. .\tt(‘ntion must principally be 
paid to the latter. 

(vi) Salt deprivation tends to decrease the a^dema because water cannot 
be retained in the body unless an ade.([uate amount of sodium chloride is 

^ F(jr noriiiul pJasnia }»roteiii valines sec f). “ C'i. ]>. !•». 
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available to give the iioniial crystalloid concentraiioii. 'Diis observation is 
made iis<‘. of in tn‘.‘itim*jit. 

(vii) There may be otlit^r subsidiary factors at work. There is a 
marked rise in the plasma cholcsierol from O-JT) 0*2 u}) to or even 

higher. The Imml metaholic rate may be rt‘duced to below normal. 

These observations suggest that some tissue abnormality may possibly be 
present too. 

(Jildema and ascites of an identuail kind can be produced experimentally 
in dogs l)y lowt'Hiig the plasma protein conctmtration below by the 
methoil of plasmapheresis ([>. |;17). This consists in removing whole blood 



na.- of fKdcinfi <»» howrn-d I’tisiiai I'rolcin ( onci'iit?*atinti due to 

Piotciii St{irvuti«.>ii in l>ogs. (Wecoh, />'////. A'.}'. AcmL MfiL, /.J, 74.) 

OnliiiMUi ; conctMitnitioiiM ol \;ui<»us fjrutfiiis in plji.->ijia in j:-'*,,. oprii l irch^s imlii-iiti' no 
(r<lt;iiia ; lil.H-k cirrlrs oMlniia pn‘s«-nt. Vtrt.iral in tiir niiilillf of 

«-nrti roluTMii roiufsfjit tlir ratiyif of normal variation. oMlcina closrly n-latvd f«> svrnni 
allmmin vom vntration v<i'<i*’i<tn vuminouly prcsi'iit wiivn tiu- allainiin concvutration is 
l•*ss than to a ii.s.s vstcnt to total pla.sina proloin (wlim it uinh r and not at 

all to hvriini '.^loiiuiin voia vniiation. 


and reinjecting the corpuscles suspended in protein-fret^ Jiinger-Locke's 
solution. If this treatment is stopped for a day or two the protein concentra¬ 
tion rises above 3% as a rtjsult of plasma protein regeneration and the oedema 
disappears. 

A generous protein intake is advised for nephrotic oedema, the minimum 
being 1 g. prottun per kg. body weight over and above the equivalent of the 
urinary protein loss. The ingestetl protein is of course not directly converted 
into plasma protein but yjrovides the appropriate amino-acids required for 
large-scale ftrotein regeneration. It must be remembered, too, that quite a 
small rise of plasma protein level may make all the dili'erence between 
incapacity and comfort, by markedly modifying the degree of oedema. The 
full caloric needs of the patient should also be jirovidod. Even the occurrence 
of some nitrogenous retention in the blood is not an indication for limiting 
tbe protein intake, Protein may perhaps also help by stimulating met abolism 
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and by jzivinj? rise to urea which acts as a powerful diuretic (p. ; m fact, 

urea may be delifxuately adiniiiisttued as a diuretic. 

(2) Acutk Tyi*i-: I Miojuiiutis (Acute (luoj\iEir(UA>-\i:i>friuTJs).- The 
(edema occurs early in lli(‘ disease and is slight and traiismnt. Jt is sufrgested 
that th(‘ ageut wliicli is n'spoiisible for the intlaimualurv clian.ues in the renal 
glomeruli also a tTec'.ts the ca [ullari<*s fjc.n(*.rally. As in all forms of inflammation, 
capillary permeability is increased, hNjdin<j[ io esc-ape of jmilein into the inter¬ 
stitial spaces witJi conse<juent retention of fluid tlnu-e. The protein content 
of the (edema fluid is O-^) 

(3) OriRONic JS’kciiuitjs.— Tlie oedema may lx* due to a nutn])er of factors, 
c.c/. ret(*ntion of (*l(‘Cl rolyt(‘s (Na ' , (T) and water owinji to dcuanecd r(Uiai 
function and possibly increased capillary jxu’im'abililv.* 

4. Nutritional CHdoma. I.)urini» times of war and famine, when the 
amount of food availabh* is insulljiueiit. (y.‘dema (without. al))uniinuna) 
develo])s iu many imunbers rd't (a)mmmnty. 'this oecurr(‘d (•c)mm(>nly in 
conc.entration and intfuiummt (‘amps durintr tin* last war. The diet irenerally 
showed multiple d(*tiei(‘ncies, b(‘in” deficient in total calories {rj/. 12(Mt“2n(M) 
( al. daily), in total pr<»fein e<»n1ent (V.//. 2U ji. daily) and in sexcral of the 
vitamins (cf. ])p. It Mb c/ srt/.). 

(1) KxcKitLMioxTAL PuoTKiN J)kf i( jExcv (Kj)j:ma. Kxp(‘rimeiitidly it 
is found that simple, prolon;L»(‘(], sevenx jtrolein d(‘(iciej)(‘y ju’oduca^s Joss of 
appetite, ^nsat w(‘akness, and (edema : the last symptom is ndated to a 
^rea.1- reduction of serum albumin and total plasma protein, and iiot at all 
to the coiic<‘ritration of serum ^doluilin (Kie. t»3). ’the (edema is attributed 
to the lowered plasma. ])rot.(‘in osmotic pressurt^ (as in nephrosis, p. 11*1). 
If adcAjuate amounts of protein are add(^d to the di(‘t, recovery ultimately 
ocAuirs but improv(unent is slow owin^ to the ]>oor apja‘tite and p(uhaps 
also l)ecaus(* of impairc<i liver function which leads to a slow rale of plasma 
prot(‘in synthesis (p. 1‘17). As tlie j)lasnia [»rotein osinotie ]»r(‘ssure rise.s the 
(j*dema (iisapp(‘ars, and sl?'<*neth r«*turiis. 

(2) (hjMCAi. Nr’i'uiTio.vAL (Eok.ma. In the liLdil of th(‘se (‘(‘suits chnieal 
nutritional o‘deina has heeii generally attrilmte.d to ihe delieient ])rot(Mn 
intake anci the lowt'red plasma protein osmotic, pressure; careful stu(ii(\s 
however show that sevt'ral factors are involviMl. 

(i) illood e.xamination showed the followin.iz avt'ia.iie plasma pr(U.(‘iu 
cotieentra1i(.)ns iu ^ in normal and malnourishe»l groups ol subjects : 


Normal Uritish ..... 7-0 
Jnt(*rnees : without oxh'iua <>-2 ,, 

wit h sliiilit oMiema . . o-l 

,. moderate n‘d(‘ma . ;>■! 

severe <i*d(*ma . . bS ,, 


The serum albumin in cas(,*.s with (cdema was 2-0 in ntdn'uhiu} eases, 

howcAcr, tin* |)lasma j»rotein or serum albumin level was Hi>f precisely related 
to the ]>r(‘si'n(*e or the d(*^n*(* of (cd('ma : iu oth(‘r words no critical plasma 
ostmU-ie pressun* l(‘V(‘l was found to be as.'<(.K‘iat(*d with (edema. 

(ii) Ui'nf in Ik'(I without any change in the di('t has a r(miarkab](‘ heiieficial 
(‘fleet. Th(» (i‘d(*ma niav disapp(*ar in 2 I days : during this p(‘riod th(‘ 
body weight may deeliim by 3 7 kg. owing to the (‘liinination of excess 
I 'Pile causes oY aftcifrs iu poritil Mnirlion arc (Kuisidcrcd on p. 
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extracellular lluid. The volume of urine ])ass(*d in the first 18 hours rnay 
amount to ten litres : large amounts of Cl' are excreted at the same time 
even iij) to 15 g. During this j»eriod, even on a full diet, the plasma ])rote.in 
may show jio regular change. On g(‘tting up and doing sonu^ work, ('1' and 
water are retained and the (edema returns. 

(iii) The degrtu* of (’liiiical (/.c. suhcutaneous) tedema is not always a 
reliable index of the amount of lluid ivtained ]»eca.use the fluid may be 
differentially stored in tin* internal organs, c.//. in the bniin, mediastinal, 
perirenal or retroj)eritoneal tissues. 

(iv) The astonishing (dlecds of r(\st and exercist? suggest that a renal factor 
is involved. It is jH)ssible that (as in congestive failure) th(*r(‘ is some 
disorder in tubular function which is aggravated by (*xercis(‘ ; one lecalls 
that exercise calls forth a S(‘cretiou of aiitidiuretic hormone (p. o.'V) which 
actively stimulates tli(‘ rtsibsorpl ion of water. 

(v) The (ed<‘ma. which develoj>s in the cours(‘ of tnarasnnis and gastro¬ 
intestinal (lison/ers of infancy and in cachectic states may be due to similar 
mechanisms.^ 

Beri-heri (Jitlema. In clinical net heri-heri residting from vitainin-B, 
defici<'ncy, sev(‘re geniMalized oxlema mav be ])n'sent ; recoviu’v occurs in It) 
days on adding 2 mg. of -By to tlie daily diet. This r(‘cov(*rv also is associated 
with a gnatly iiicn'ased volume of urine. The factors ri'sponsible for tin* 
(lidcnia of beri-beri have not b(*(*n adecjuately analysed. 

5. Inflammatory (Edema (see p. 222). 

b. Lymphatic Obstruction, ej/. from growth, parasitic worms, may 
give rise to inark<‘d a*denia which must be attribut(‘d to interfenmce with the 
removal of tissue lluid. This is not altog(*th(*r a satisfactory explanation, 
as under normal nesting conditions the tissue lluid can be satisfactorily 
removed by the. vcmous Idood alone. 

Pulmonary (Edema.- ('ertain peculiarities of the* |)ulmonary circulation 
must be borm* in jiiind. In jnan, the normal pulmonary arterial diastolic 
j)ressur(* is on an aveuage, 8 mm. llg; the ]»ressurt‘ in the pulmonary 
capillaries is 2 8 mm. Mg. 'flius throughout the length of the ]»ulinonary 
capillaries th<* blood pressure is substantially less than the osmotic j»r(‘ssure 
of the plasma proteins ; there is consecpiently no temhmey for fluid to (\scaj)e 
from the pulmonary ca])illaries into the neigld)ouring t issues, including the air- 
sacs. As a. result the air pa.ssages are normally kept dry except for the water 
vajxuir which is given off i»y the blood and saturates the respired air (p. 3fv1). 

Fluid can (*scape from the pulmonary capillaries into th<^ air-sacs in two 
sets of circumstances : 

(i) VVdnm the pulmonary capillary endothelium is dainag(‘d its pernu^ability 
h\cn*ases ; plasma |)r()tein h'aks out and attracts and holds a certain volume 
of excess fluid in the extra vascular sj)ac(‘s including the air-sacs. 

(ii) When tin* pulmonary caj)illary blood pressure exc(*(‘ds the ])lasma 
protein (jsmotic pressure of 25 mm. lig e.xcess fluid is filtered out from the 
blood int(^ tin; air-sacs. Sometimes botli factors (i) and (ii) an^ simultamiously 
involv(‘d. 

The fluid which ejiters tln^ lungs is beaten up into a froth by tin* pulmonary 
v(‘ntilation and mechanically hinders the. fi<jw' of air into and out of the depths 

' SiM* Keys ef nl., Ilifthnjy of Hmnan Starvation, Aliiiiieapofis, PJ.IO, vol. II, !)2I. 

- Cameron, JJrii. mad. J i., U(i5. (M. also p. 307. 
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of the lungs. If there is swelling of the fmlinoiiary ej>itlieliuni gaseous inter¬ 
change, es|)<H’.ia]ly of oxygen, is intf*rfere(J with ; anoxia rieveJops leading 
ultimately tf> resj)iratoFy arrest. The voliinj(‘. of fluid lost frojn the plasnia 
into the lungs may in (‘xtnune eiis<\s he so large as to produce liiemoconcentra- 
tioii. Some of the (edema iluid drains away in the pulmonarv lymj»haties ; 
hut as the rate of How alojig t hese vessels is slow they cannot cop<‘ with rapidly 
fonm‘d exudates. When the perm(‘ahility of tin* puhFionary c.apillari<*s is 
incnaised, intravenous infusion of plasma (to make good the fluid loss) merely 
leads to a further rapid es(‘ape of Iluid from the hh)od, aggravating the 
]>ulm(>nary (edema. 

{{'saline is introdiic(Hl into the lungs it is ra,])idly taken up itito tin? hlood 
tiwing to the suction action of the osmotic pressure of t he plasma proteins. 
On tin^ other hand, plasma introduced into the lungs is al>sorhe(l slowly, 
persisting for days. Sitnilarly, protein-rich (edema fluid (u* inllamrnatorv^ 
exudate in tin* air-sacs (sucli as is fornn*d in pin'unionia) cl(*ars up only 
gradually. 

The common cliidcal and experimental causes of puimouary (ed(*nni are 
as follows : 

(1) Conditions assooiatkd wjth Inc'hkaskd CrnMONAUv (^-mullarv 
PiOUMKABiLiTV. (i) Inhalation of irritating gas(*s like* [)h()sgene. mustard 
gas, or lewisite vapour, aiiiinouia va}>our, aud many irritating smok(‘s : all 
these act dir(*ctly on tin* lung tissin* with whicli they come*, in contact. 

(ii) Absorption into the hlood of c.lieniicals like iodides, thiourea, or 
methyl salicylate which liavc a sdcrticc injurious action on tin* piiinnuiary 
capillari(*s.^ 

(iii) Senroifcnic (Edc.mn. Pulmonary <ed(‘ma commonly oc(“urs as a 
teniiiiial ev(‘nt in l(\siuns of the central in‘rvous syst(*ni. Kxpcrimentally 
raised intracranial pn'ssun* may induce an <edcma which is partially or 
wholly annulled hy section of the vagi. It is sugg(‘stcd tliat changijs in the 
central nervous sysfcan may lead to a discharge of im{uilscs along mu vi? paths 
(possibly the vagi) to tin* puhnonarv ca[>illari(.*s irnricasing rln'ir p(‘rnn*ahility 
and so heading to tin* ('scape of a protein rich (edema, fluid. 

(2) CiucviLATouv Failuki:.—( i) Jii chronic conpestire hcurt failure (]). IhO) 
the left auricular pressure ris(*s and as a result the pn'ssure in the |)ulmonary 
veins and the. capillari(*s also rises, driving more fluid out into the air-sacs. 
It should In* remembered that th(\se puhiioiiaiy V(*sscls are very distensihh? 
so that a large iiKucase in fheir hl(K)d content must (.>cciir before much 
change of })ressure tak(*s ])lace. As t he (XMl(*ma tluid is rich in protein there 
is probably some associated incicased capillary ]>erm(*.ahility. Experimentally 
it is found that when th(*re is some pulmonary capillary damage (juite a 
iiiod(*rate rise of cajiillary prt'ssiire may produce maiked (ed(*ma. 

(li) Acut<* (edema of the limgs occurs in acute left ventricular failure 
asso(*iated with temporary normal activity ot the right ventricle heading to 
pulmonary (n)ng(*.stion and raised ca]»illarv javssure (p. Jn some 

patients with circulatory disorders, the (>ns(*t ol a st*v(*re l>oiit ol couijhinp 
may likewise induc(i pulmonary (jedenna by obstructing tin* v'enous outflow 
from the lungs (p. 4()d). In grave cases both lungs are (*ntir(*ly filled with 

' (^Vrluin agxaits act sck*ctiv(4v on capillaries cls(‘wh«‘rc ; c.g. ])ara-phciivlcnc-(Iiaiiime 
produces cedtuna of tbc head aiid face; icstrogcns act on the s<*Mial skin in (*erlain 
monkeys. 
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(xulciiiH Hiiid, nnd iVotliy, jH)ssil)ly hl(u)d-s1;ii!i(‘d, fluid may pour out of the 
uioutlh 

(.‘V) Massivk I \'H{AVi<;\<)Us I\i.i si()\s of Saijmo may imJuco pulmonary 
<t*dtMna. If lluMF is an associattMl risr oJ‘ pulmonary vmious pressure tin* 
(pdema is pivsumal>ly dm* to this nausu ; hut tin* aHlema may occur in the 
ab.scm'f* of tliis factor. 'I'lic explanation is tiieu unknown. 


TIIM (:h:RKHHOSP[NAI. FLITII)» 

The cerebros])iiial iluid is considered htu'e hecausr* it is a subdivision of 
tlie extracellular Iluid. As examination of the cerebrospinal iluid is an 
important rout itie of clinical medicitie, it is essent ial to have a clear coiuM^ption 
of its ])liysiolo‘j:y and anatomy. 

Anatomy.- The central nervous system is euveh^ped by the. nnuiin^es ; 
from without inwar<ls tliese an* tcuined dura, arachnoid, and pia. The dura 
consists of librous tissue lined by endothelium. Se|)aratiuj^’ it fnun tin* 
arachnoid is tin* subdural space, which contains a. small amoiuit of Iluid 
rest'inblin^ lymph (Fiu, O'J). The dura ends at the low(*r borch'r t)f the st*cond 
sacral, the spinal cord at the lower bonh*r of tin*, first lumbar V(*rtebra. Idle 
spinal tln*ca can tln‘reforc be punctured iti the low(‘r lumbar n*^don without 
fear of injury to the cord. 

Tin* ara(*liiioid is sej»arated from the pia by a sj)ace of \a?iable si/t* called 
the «uh((r<u‘ltinH<l ftpticr., whi(dj contains the cerebros])inal fluid. Idle pi.i 
invests the nervous substance very closely. The arachnoid, how(!V(*r, does not 
dip into the sulci ov fissures (with the ex(u‘pti<m of the longitudinal suhuis), 
and inv(\sts the spinal cord quite hu»sely. Then* are also definite dilatations 
of the subaraclinoid Sfiace called cialciHfV. Tin* cistiu'iia nia^na |c(*rebello- 
inedullaris] is found in tin* interval betweeji tin* m(*dulla and the under-' 
surface of the. cerebellum. The cist(*rna pontis lies on tin*, ventral asjiect 
of the pons and contains the basilar art(*ry. The cisterna basalis [iiit(‘r- 
peduncularis] is formed by the arachnoid brid^in*^ a(;ross the interval 
lietween the tips of the temporal lobes, and contains th(j cire.h* of Willis 
|circulus arteriosus|, Prohmgations of the subaraclinoid sjiact^ i^xte.nd along 
the sln*aths of the spinal and cranial mirv(*s, |)arti(rularly the optic ([>. 120 ). 
d’he rf*st of t he cejt*br(jspiiial Iluid lies in the rcntrlrJf's of iJic hmln. The 
ventricles establish a connection with the e.xtra.v(‘ntricula]’ fluid through the 
foramen of Magendie [medial apertiir(*| in the middle lim^ in the inferior part 
of th(5 roof of the fourth ventricle, and the foramina of Luschka [lateral 
ajicrtures] at the extremities of the lat(*ral reciisses of this ventricle. As the 
arteries and veins enter and leave the brain substance they an^ surrounded 
by the piirivascular s[)ac<is, which are continuous at one end with the sub- 
arachnoiil sj)ace and at the other with the hue sjiaces which surround the 
nerve cells (.s(*a; Fig. bh). TIkj flow along these perivascular spacers (which 

' A.ssrxr. m^s. ii(‘rv. Mu ril. iJis. (liuJtiiiiore) : ('erehrtt»pinal Fluid., 1024; Inlrac.muinl 
Prp.'t.'iurf>. in Ilmlth and Oiseasc^ I02!l. (;iimI (larmirhael, (^endaospinal Fluid in 
(diuiral Diaf/nosiu, London, 102“). \e«*l, (Jells atul Frofe.i us af (Jtrvhrospinal Fluid, London, 
1030. Friedoiiiiiiin, Physiol. Rev., 1942, 22, 125. 
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(•()rr(\sj)()ri(i to tin* .s|»;i.fos c.ontiiiiiinjj; iiiKM-stitial tjiiid in otiior orjivnm) is 
iif)nn}illy outwards to suharaclmoid spjua*, and tln^y sorvc to remove waste 
products n/sidting from cell ac^tivity. 

('/toroid J*lr.rosrs. Some arf<‘ries (aeeumpanied hy a, covering of j)ia) ])ass 
tlirou^l) the brain substaue.e to roardi the lining ependymal layer in tln^ latnral. 
thii’d aud fourth yenirieles. 'Phey then break Uf) into eomplex capillary net¬ 
works which proj<‘c1, into the ve.utrieular cavities ami become lined by the 
now much toldfal ependymal cells. The blood vessels and their lininji e|)i- 
thelium constitute the v/tortod ‘plrj osns. Tli(‘ epithelium becf)m(‘s difierentiated 
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into cubical cells containiim mitoehmidria. uraiiules, and vaeuoh's, (‘.vidence 
that ilie cells are t he seat of active metabolic processes. 

C(>Mj‘0,siTU)X. Cendirospinal Iluid is clear, colourless, and alkaline ; the 
specific, gravity is about 1005. It contains u|) to 5 lym]))iocytes per c.inm. 
Ju general its composition resembles that of |)rotciii-lree plasma, but there 
are significant differences in the concentrations of the individual crystalloid 
constituents. The average values for its main constituents (in mg. per 
KK) c.c.) are as follows (the figures in brackets are those lor jilasma) : Na", dd4 
(‘130); K ^ , lo t) (17) ; (5i 5-;^ (HKJ): V\\ 43fi (305); KKXV, 105 (150): 

H.PO/', I-8 (3-0); KSO4", 0-t> (Idl); giuco.se, 70 (JlX)). The protein content, is 
minute, i.e. 0*02-0-035 g (plasma., 8-0 g ‘’o), ecjually distributed betwtaui 
albumin and globulin. The intraventricular fluid is ])robably fna^ from cells 
and protein ; these may be added 0) the. Iluid iji the. subarachnoid space 
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l)y fVoin the iiioiiingeal hlood v<^ssels. The total Vfdiunr of tlie 

cerehrospiiial Hiiic] in nniii is l(K.)-ir)0 c.c. When free <?se,aj>e is allowiMl to 
the ext(*rior, the rate of foniiatioii is 20 e.e. per hour or about 500 e.e. 
per day. 

Ventriculography.* - TJie anatoTiiical condition of the oere])ral Viuitricles 
can b(* studied clinically by injecting air into them. A small tn‘|)hine hoh* 
is made in the skull and a line needle is jiassed through a silent area ” of 
the brain into the lateral ventricle : when it is entered, cerebrosj)inal fluid 
wells out. Tf the Iluid is fouml to be under (‘xct‘ssive pressure it is allowed 


Third Vent. Disunt Lateral Vent. Near Lateral Vent. 



Fio. (io.—Normal Ventriculogram (Lateral View). (Harvey Jaekson.) 

to (‘sc.ape till the pressure has fallen to tin* normal h‘vel. Air is injecttMl till 
it comph‘tely replaces all the Iluid and finally tills the vmitricles. A radiogram 
is then taken in the lateral and antero-|)Ost,erior positions. Figs. 01 and 05 
enable a comparison to be made between a cast of the human ventricles and 
a ventriculogram in a, normal subject. 

Ventriculograpliy is of great value in determining the position, sha})e, 
and size of the veiitrich*.s and the patency of the various communications. 
I’he ventricles may be found to be excessively distended or incompletelv 
filled, distort(‘.d, or displaced. (Jonsiderabhi help may be (Obtained in this 
way in the localization of (cerebral tumours. 

Formation of Cerebrospinal Fluid. - Sine of Formation .—Jt is formed 
by the choroid plexust‘s, (isjiecially by tlie large plexuses which are found 
in tli(i lateral ventricles. The cerebrospinal fluid jiasses from the lateral 
^ Loyal Oavis, Inlmcranial Tumours, Now \’ork, 


121 


KOHMATION OF (EHEHHOSIMNAL FLUID 

ventricles tlinmirh tlie 1‘oramitui of Mnmn |interventriciiljir loramiiinl into 
the third ventricle, Ji(nn‘(juctu.s Sylvii |cerehral a<jiieduct|, and iourtli ventricle, 
atul out throii^li the iVn-ainina. of Luschka and of Ma^nnidic^ 'u\U> the suh- 
araclmnid space, bot h cerel»ial and sjanal (Fie r» |). 'the evidence is as follows^ 

(i) it the intei'ior ol tin* lateral ventricle is exposed at op(‘ralion in man, 
drops ol <*l(*Ji.r lluid can }»e se(‘n exudiiie Iroin the siirrac^* ot the chortad 

pl<‘XllS. 

(ii) Lxperiinentally, il a c‘atiieter is introdueed into t-hc! tliird v'cntricle, 
cl contiiHioiis How ot lluid is ohtairied. On the, (»ther hand, if the aqueduclius 
Sylvii is oeelud<Ml, the lateral ventrii-les laa-oine epj.jiily dislendfvi bv the 
retained lluid, tlie conditi(»n beine railed intt^nni} htfdrarrphalns. 

(iii) \\ hen one. foramen ol Monro is oeelu(h‘d, unilateral livdroe.(‘phalus 
(ol the corr(‘Sj>ondine lateral ventri(*le) results. If, howe\ (‘r, the corresjK)ndine 
choroid plexus is coineid(*nta]ly extirpated th(‘ v<*ntricle nunains colla]ised. 

(iv) Obstruction ol the loraniina of Magendie and Luschka results in 
distension of the whole vcmtricular svstein. 

Mta'nAMSM <H'' Foii.matiox. Oerebros}>inal llui»l may be. regarded as a. 
specialize(l form of int(‘rst itial lluid. One 7nay consider whether its format ion 
can be aceount(‘d for in the same way as interstitial lluid elsewhere.- l.v. 
wlK'therit is due to the tiltering fona* of tin* capillary blood pressun* (*xeeeding 
the opposing (suction) forc(‘ of the jdasma prot(‘in (►smoti(* pr(‘ssure. The 
following ])oinrs should la* note<l : (i) the bhaal pressun^ in the capillaries in 
the choroid jHexuses is unknown : (ii) while tin* hydrostatic pressure in tin* 
tissue Spaces gein'rally is zero (i.v. at nios])heri<‘ ])i:(‘ssurt‘), the hydrostat’c 
pr(*ssure of tin* cerebrospinal fluid in tin* ventriel(‘s is b- In mm. llg. For 
liltraTiou to oecui' in the <*horoid plexus(*s, tin* capillary ))ressur(‘ there must 
(‘xee<‘d th(‘ .van/ of the two oj)posing forces, /.c. tin* plasma [>rot.<‘in osmotic 
pr(‘ssure and the intraventricular cer(*brospinal fluid ])re,ssure. It is impossible 
to say therefore win*ther ade(piat<* ]diysical forc(*s art* availaldc* in the (dioroid 
plexuses to drive lluid out of tin* blood vess(*ls into the v(‘ntricles. 'fhe 
eapiliarit's in the ph'xuses, tt)o, are not line«l by a simph*, thin endothelium, 
but are cov(*red by a thick, highly dilh*rentiat(*<l and r(‘latively iitjp(*rm(‘al»le, 
<*ubical e})ithelium. The eryst alloid eoneent rat ions in ))lasma and cerebro¬ 
spinal lluid (]>. 11*.)) dilfer in a manner and to a degret* which cannot be 
aceounted for by tin* known physical forces. 

If cerebrosf)inal lluid w<*nr a simple filtrate its composition should follow 
rapidly and faithfully changes in tin* plasma. This ])oiiit can be t(*ste(l by 
injecting intravenouslv salts containing minute “tracer ' dost's ot ra.dio- 

a('tiv(* electrolytes aiul com paring their conet'iitr’at ions at int(*rvals in the 

plasma and \n frcsltljf fonnvil cerei)rospina.l lluid (eollei*t(*d Irom the cisterna 
magna). Keprese]itativ(* results in such experiments after intra.v(*nous 
inj(*etion of salts containing radio-active sodium (^*Xa*), radio-active 
potassium (‘*“K*), and radio-active phosphate are illustraled in 

Figs. ()(), ()7, and hS. These suhstanees n*adily dilluse into tin* iiit(*rstitial 

fluid and their eoneent rations th«*re and in the ])lasma soon hecoiue ecjual. 

The figures, ho\vev(*r, show that the p/asma and crrchmspinal Jlaid conccnira- 
hohs pursue an indepvudod course and »*ven when linally some degree ol 

' Dandv and Blaekfan, A?mr. J. Child. Dis.. lUI4, A’, 400. Dandy, Atnt. Sunj.. 1919, 
TO, 129. * 

“ KtNid c.*/i,refiilly pp. .17 et seq. 
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equilibriuin is cstaljlisliod tliero jiro fUMrlcoc] dinorcru'f's in tlio conreiitnitions 
in the two systt'ins. TIk' (ietailed findinjis are. as follows : 

(i) IMasnia tails rapidly diirinir tlu* first hour as etinilihrinm is estab¬ 

lished by diffusion int<» tin* inters!itial Hiiid ; the “'Na.'*' levt'l, howev<*r, ris(\s 
more slowly in tin* (■erebn)sj)inal fluid than in the lnt(‘rstitial fluid else.where ; 
when after many hours tinal i‘.(|uilibriuin is attaimal (a‘r(‘l)ros[)ina,l fluid “h\a* 
is found to rj'rml the plasma “*Na'*' le\el, a stale of affairs fhaf eannol be 
aeeouiit(‘d for by simple diffusion throuirb a “ non-s(‘leel ive " membrane. 



MINUTES HOURS 

Fics, IWi iiTuf UT. IiiOTcfi.'nijjfes of |{aflio-Mcti\(* 

Na, (^‘\a^) arel K lK*l\vc(ai f’jastna ami 

('(Mi'lirospinaI .Flni«l (in <lnijrs). (( 

1 1 a/., An/(r. ,/. llH.’f, 7/!>, ol.) 

'I hf urdiii.’if'•'» M-po-.-i-iiT I hr c-iitict'iil r.'it ioiin III'(I'iu. 

.••ml -eK* (r»7i in .-irhilran muM.s in iii|i|" r 

p ruril) ;iml rrrr>ini'^piii:il Hiiid (|n\vrr n riinl) ImIIhw iiiLr 
.'III iiitnivrmnis iiijriiinn of a iniiiiitr ilux- of >;ills 
('oataiiiim-' IIm'm- rmlin-.'irlivr rlriiii-iiK. 

(ii) Tlie behaviour of is quite dilfm-imt ; the. maximum level in the 

eer(‘brospina1 fluid is reached iu |0 20 minutes but is always J^ss than in 
]>lasma ; is pro«.!re,ssively removed from the plasma by llie nniseles, 

other tissues, and red cells. The mnsel(\s ultimately refain over bO*'.,, of the 
injected ehmient aiul the linal mnseh^ coiKMuitration niav be four times 
a.s ^^reat as plasma '“K'**'■. [These results jirovide furtlKU' ('v^iilenee thet K ' ions 
ra}f traverse muscle and other cell membranes (ef. |». 7).| 

(iii) Kadio-aetive [)li(ispJia.t(‘) rea,clu‘s its eer<.*bro.s()ina.l Iluid 

maximum in about oO minutes and then declines, but always reanains at. a 
sul)stantially h»w<*r level than in plasma.. Plasma pro^ressivelv decreases 
as it is ineor[>orated in the hn/trs or built up jji tin*, cells into or^^anie. esfei's. 

J hese studies show that intejchaiijies betweiui [ilasma and ciu’ebi’osjiinal 






ABSORFriON OF (KRKIMIOSFIXAL FLUID 12a 

iluid lollow a dinerciit (•()urs(‘ tmin tlmsi* luM wccn |>l;isnia and the interstitial 
Hnhls generally. I hr (‘rlls ol tin* rhoroid ph-xusrs thus iiiaiiitain a elianudiM- 
islic electrolyte stnictiire in the (‘erchrospijiaI fluid wliieli dillers rn>jn that oi‘ 
plasma ; in ot her words l)i(‘se cells (trtn'chf mfulntr the Iransler of ions and 
ol her eryslalloi<ls (el. cell inemhianes. p. 7.) ( er<*ln‘os|Mna 1 Iluid J'onnat ion is 
thus not a sim]»le proeess ol filtration and is therefore eomimudv la-la'lletl a 
proet'ss ol seei*(‘tion, tlie word “secretion" <lrawine attention to the 
undetermined factors invo]v(‘d. 



! ic. ns. lnter<liaiiir<‘ of I\.i<lio-fH‘tivr I'liosphnfus 
r*“i**) (ns l>e1\v»-ei) IMnsnin Mud (l»*n*)»ro- 

spinnl Kluid tin dn^js). (t rf iiL, Anur. J. 
rinjsutl lU-tIt, J UL ol.) 

II (• orilinnir i’rpn-<riit- tin rnnfi ntratinti of Uri arbitrar.N 

itiiU.-i in pla^iiia and (‘•>rrltro'.|»inal liiiid r«>llo\vinu an intni- 
vriioii" inj* «*iiMii Ili a "mM ^••nltainini^ a miniM*- du'i' ol’ ^>-1'*. 

(Nutt' llial til* \alii«'r< (*u till- (U'diiiati; an* not nnirorinl.v 

.'.pat-fd. I 

It should la* noted also that hilc juffUH'nf d(a*s not penetrate into the 
i-erehrospiiial Iluid (exeept in tra<*es) eve]i in d(*ej) jaundice. Similarly many 
iirtnfs (‘liter the eerehrospinal llnid from the Mood only with dillieulty. 

AbvSorption. (I) l\oi”ri:. ('ere|)rosj»inal Iluid is al)sojla*d mainly via. 
Ilie nmrliHoid rilli into the dural sinuses and tlu* sjiinal \-eins : to a minor 
ileeipp Iluid mav pass aloni: the slieaths of 11n* cranial nei’ves into the e(‘rvieal 
iyinjiliaties and also into the ]a‘rivaseular sjiai'cs. Kotiehly fonr-tiftlis ot the 
llnid is ahsorhed ^'ia the eerehral arachnoid villi and most of the rest via tin* 
spinal villi. The araelinoid villi an* small liii,i»cr-like jirojeelions (lined by the 
usual tlat epithelial e.ells of tin* subarachnoid spaces) which ])rojeet into the 
V(*uous sinnst's as shown in Fiji, tilb ^fhe l*a.eeliioniaiL l)odu*s larachnoidcal 
.uranulation I an* simjilv exceptionally lariJtt* villi: they are lew in nurnlx*!* 
and present only in tin* adult. 

Tin* route of absoi’ption ol the (’en*brosj»inal tliiid was demonstratixi by 
VV (‘f*d, who inj(‘et('d into the siibaraelmoid spaci* ol the livinji animal a. 
solution of potassium j\'rro<’vanide and iron ammonium citrate in isotonic 
saline, at a. pn‘ssun‘ of lb cm'. \\J>. The nervous system and nienin.nes were 
r(*iiiov(‘d and tix<*d in acid solution wliieh pn*eipita1('d the salts as i russian 
him*. J1 istolooieaI (‘Xamiiiation showed that the dyi* passes throiiirli tiie 
araedinoid villi int(» the dural venous sinuses (and into the jierivascular 
clia.nm*ls too if the animal is bled during tin* exp(*ri:nent). Folloids are also 
absorbed, but slowly. 
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FUNCTIONS OF CEREBROSPINAL FLUID 


(2) AIkchanIkSm. --Absorption probably cioponds both on filtration and 
osmosis. In rats tbr (M*nd)r(>spiiuil liiiid pressiiri* actually exceeds the |)ressure 
in the V(*noiis siniis(‘s by O-o-b ciri. HJ), thus driving fluid intn the veins 
(hy filtration). More ini|)or1ant probably is the 2^ nini. Ilg osmotic qrrvssarc, 
of the f)lasina j)roteins. Avhich draws fluid into the blood (in tlie same way 
that it causes tin* absorption of tissur flui<l elsrwhere, p. Jo). As tlu^ cen*bro- 
spinal fluid pressun' excer<ls that in the veins, it might hav(* l)ern thought 
tliat the latt('r would b(‘ compn'ssc'd against the skull l)on(*s and be obliterated. 
The. firm attachments of the dural layer forming the walls of the veins is 
believ(‘d to j)revenf this ha]>j)ening. 



FALX OR 
TENTORIUM 

FuJ. (itt Diagram In show n?lati<»iis df l*ia-ara<'iiii(»i<i, Ara< lmoi<f Villi, aial (\)rtiral \’(>ins 
to J)ural Siiiust s. Note- tlx- vcw.scl r oining from Ifio hrain .sul)s1nn< o .siirroiimlrd 

hy a continuation of the suharaerhnoid space. 7'J)c arrows sh()^^ the direction of’ 
flow of the cerebrospimd fluid. A araciinoid villi. (.Modified from Weed.) 
(H. Cushing, 1 ntracraniat ]*tofi^ioknjy amt Stoyrry^ 

Fluid Pressure.-- 'X\\c normal pressun* of the. fluid d(*pends on a balanc(‘ 
l)(‘twe(*n its rate of siMuetion ami of absorption. The value in man in the 
lateral recujfdamt position vari(*s l)etwe(*n KK) 2f)() ifim. Hj,U. TJi(‘ j)ressure 
in the sitting position is 2DD non. Jl 2 <> higher than in the recundxujt position. 
A rise of venous pr(\ssur(‘ such as follows coughing or crying hind(‘rs absorption 
and so rai.ses the cen*brospinal fluid pressure. (’onifU'essimi of the intcrfial 
jugular vein has a similar effect {(Jacrlcnstcdt's siyn) (Fig. 72). 

Functions of Cerebrospinal Fluid, (i) It serves as a fluid buffer, 
(ii) It acts as a reservoir to regulate the contents of the cranium : if the 
voluuH* of‘th<‘ brain or of the bloo<l increases. <*en‘brospinal fluid drains awav ; 
if tin* brain shrinks, more fluid is retaine<l. (iii) it may serve to some exteiif 
as a medium for nutrient (‘xchaiiges in the ner\’ous system ; in fhe main, 
however, the irain carries oat its metabolic crebanyes directly ivith the blood. 
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EFFECTS OF CEREBRAL TUMOUR 

Effects of Cerebrs.! Tuinour cind other ** Space-Occupying Lesions.” 

H thuH* IS iiiiv HI tIlf* ii)tTrt(‘nini;tI ;is liy u. tumour of tlu* 

cui’f'hruni, Rfiflitiomil f<»oiu is niixif* l>y <‘j‘pit !sidh (vf sodh* (*(‘r<*l)rospi.Tifi.l fluid. 
Tlif*ii tlif liloofl Vf\ssfls iin* cotii|)n‘ss<“(l iiml llip L»yri flattf*iif‘d, and ^n*adiiallv 
then* is a f^uniu-al rise of pressure alaive the tentorium. Tiiis ris<‘ of pressure 
is tTansmittf'd to tlie prolf>n.iiat ions of rite suharaehnoifl space wliieli surroumi 
tlie opfir Hcrrrs. The lirsl structures in the nerve to sulTer from compression 
are the veins : hlood can still liow alon^ the arteries ami n*ach the optic disc, 
hut its return is int.f‘rfert*d with. In conse(jin*ncf‘, tlie niinutf* vessels at tJif* 
n(‘rv(^ head heeonie (‘iifjorjifui ami swolhui, and iliiid exudes from them at tliis 
point- f)f least rf‘sist,ance. Tlie resulting ap])f‘aran(M*, on ophthalmoscopic 
examination, is termed papillmlcina. 

Pressure is then extirted on the ]»osterior fossa of the skull. 1’he. ct're- 
belluni is j^radually drivtm into atid throufrh the foramen magnum, fills this 
a[)ertur(i like a cork, and thus imtiedes the escajie of fluid into the spinal 
canal, whenci* about one-fifth of tht* total absorption of fluid normally ocfuirs. 
In addition tln^ fourth ventricle foramina (of Magendie and JiUsclika) are 
jirobably distorted and partially bloc.kcd. A vicious circh*, is thus established : 
as cerebnispinal fluid cannot (‘.scape from the ventricles and is not absorbed, 
liydro(!ej)halu.s {infra) r<?siilt.s. Tin's fnrtli(‘r raisfts th(‘ intracranial ])ressure 
and wedges the cendiellum .still more firmly into the foramen magnum ; the 
cerebral vessels an* furtlier eompr(‘.s.scd and finally, death results from medul¬ 
lary antemia. 

Hydrocephalus. t -By this term is,meant a pathological accunmlation 
of ccn*l)ro.sj>inal fluid ; tin* ]iydro(*(‘-phalus may lx? internal or externaL ac:.Gfd- 
ing as to w'hether tlie excess Iluid is in the ventricular .sy,st(‘ni or in the .suh- 
arachnoid space. Theor(*tically hydrocephalu.s miglit b(‘ dii(‘ to : 

(i) Orerserrdion of fluid, the rate of formation exe(R‘ding tlie rate of 
absorjition. Overs(‘cretion has been allegfHl to result from (u) exten.sive 
hypertrophy of tliii choroid plexuses, or (/>) a rise of the cajiillary blood 
pre.ssure in the jdexuses owing to thrombosis of the vein of (Jalen which 
drains thi.s region. (■liiiically overs(‘cretion is a negligibly rare cause. 

(ii) Ohstradion to th<‘ outflow of the fluid. Tlie ob.struetion tnay b(‘. ; 

(r/) Intraccntricahr, blocking tlie foramen of .Monro, the cerehral afjue- 
duet, or tln^ fourth ventricle foramina. Tlie fluid in the occluded ventricles 
cannot escaj)e. and cannot muh*rgo ab.sorptioii locally : its volume progres¬ 
sively increa.ses becau.se of continued formation of fluid l>y the choroid 
plexuses. 

(b) KxlraventricHlar : (a) ])reventing the free flow of the fluid throughout 
the subarachnoid space and .so diminishing the total surface of arachnoid 
villi available for absorption. Thus a block at the foramen magnum jirevents 
the iluid from entering tin* spinal arachnoid and thus cuts oil one-fifth of 
the absorbing surface; a block at the tentorial opening |eisterna ambiensl 
preveiihs the fluid from pa.s.sing from the posterior fossa of the .skull into the 
supratfmtorial siibaraeliiioid space where most of the absorption normally 
occurs ; (j3) iriflanimatory clmnges in the l(*ptomeiiinges may occlude the 
arachnoid villi ; (y) tbroiribo.sis of the dural sinuses prevents the escape of 
the fluid from the siiharaelinoid sjiace into the veins. 

^ Dorothy S. JtussdJ, Pathology of JJydrocephalus, Hriti.sli Mod. Res., Council Sp. 
Kep. No. 266, London, 1949. 
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HYDROCKriI ALUS 


ExrKKlMliNTAL Mvi)H(k’KI*m.\L!’s. (i) The injection (»r rorei<£ii j)artieles 
(e.//. lainp black, trvpan blue, or fhorotrast) into the cist(*i’na niaiiiia .stilnnlat(^^ 
the araclinoid e.(‘Ils (/.e. t-liose liniri*; the sul)araehnoifl space). TIm'V b(‘coni(* 
rounded, prulibuatc rapidly, am] display ])hair<>cylic properti(‘s, in^cstin^ 
tli(‘ foreign material like luacrophalt's i‘lse.\vh(*r(^ (cf. p. IS7). Sccomlarily 
the lept-omenin^(‘s larome matted together and tlu^ arachnoid villi are pre¬ 
sumably blockeil. thus inti'rferiui!; with tiu* tlow aud absorption t)l the eerebro- 
spitial iluid. 

(ii) An aJt(?rnative ]n‘<K*ediire eojisists in nuikiiii]: repeated intra.cisttunal 
injections of thi^ ajiimal s own bhxMl ; t he blood is hiked, tlie releastal hamio- 
clobin is ta.ken up by tluj macrojiha^es locally and bile. })iLnneut is formed 
which colours the tluid. !\leninm‘al nsiclions occur as in (i) and likt?wise cause 
hydrocephalus. 

Clinical IIvdiiocei’iialus.— The causes are nummous : (i) conffeHiftil 

mid for that io)is within the ventricular system at thti narrow points (usually 
the cerebral aipieduct) ; developmental abnormalities of tlie base of tin* 
skull leadin^j to blocking of the foramen magnum ; malformation of the 
brain in the neighbourhood of tin' foramen magnum which b(‘(‘om('s oecduded, 
(ijf. by a caudal prolongation of the <a‘rebellum : (ii) uff'cllons which mav 
block th(i cc'.rebral a(|ueduct, the tburth ventri(‘le foramina, «»r tin' tentorial 
opt'uing, or more commonly dt'stroy tln^ absorbing mechanisms in tin* sub¬ 
arachnoid spa,ce : (iii) tamonrs may deform and obstruct tln^ int ravi'iitricular 
system a.nd set up a. vicious cinde by raisinu intracranial pressure as (h*scribed 
on p. 12.') : (iv) occasionally dural sinus thrombosis is the causal agi'Ut. 

Comnnnucaihuj uml Nuh-i'ommuniadhifi JIffdroa/dtfdos. d'ln* site of tin* 
obstruction can often la* (h't.ermim'd by injecting plienol sulphoin'phthalein 
into the lateral ventriide. Normally it shordd ajifiear in Iluid obtained by 
lumbar puncturi' in 2 d minules, and in tln^ nriire in In 12 minutes. If it 
does not afipear in the spinal iluid or only after a long delay the hydroct'phalus 
is non-rummonicdlnoj. i.r. the site of tin* block is not distal to the fourth 
ventricle foramina. If it a])])ears in the spinal fluid rrornrally l)Ut in the urine 
after an undue delay, the hydi*oce|)halus is cominanlrdtimj, i.r. tin* block is in 
the meninges distal to the. fourth V(*ntri(de. foramina., in the aratdmoid villi, 
or in the dural vciinnjs siriu.ses. 

Effects of Injection of Saline Solutions.’ (1) The intravemous 
injection of large amounts of lUnqrr s solution causes a temporar*y rise* of 
ce>rebrosf)inal and venous prc'.ssure : the condition soon r*etiirns to normal 
(cf. p. ')<♦). The rise of vetrous and capillary pr-essure and the dilution ol’ 
the plasma, proteins promote cerebrospinal fluid formation and hamper its 
a.bsorf)tion (as with tissue fluid elsewh(?re). 

(2) Idle injection of In/pofonic saline (or distilh'd wat(;r) causes a marked 
and prolonf/rd rise of cerebrosf>inal Iluid frressure (Kig. 70, A). There is an 
associated increase in remans pressure, but this is transient and so cainnot be 
an important causal factor. Tlu*. decreased crystalloid osmotic pressure of 
the plasma causes water to f>ass out of the ])lasma into the interstitial sj)aces 
where the osmotic ])ressure is higher. [Salt difluses the (jther way ; but the 
results show that the movement of the water is so much more rapid and 
extensive that initinlh/ it alone need be considered.] Similarly water flows 
from the [)lasma into the cerebrospinal fluid ; later there is a. How of water 
^ and Ilnghsuiu Amur. J. Physiol., JU21, hS, uli. 



KKFKC 1 \S OK IIYPKUTONIC SALINE 
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from tlio (^\tni,cellu]ii.r nonipurtinoiir. i»ito tlic. cells iricliHliiig tJie kmiii (-(‘.lIs 
wliicJi IxMMniKi swolh'.H (cl. j». (>|). There is thus a rise of cto-ehrospinal iliiid 
pressure, Ji ris(‘ of iiitracranial pressure, and .sacc////e/ of thv }>raht} 

(3) Jf hypcrtontc saline (c.ij. N;i(!|) is inject(‘d iutra,venous!v the 

cer(‘l)ros})inal lliiid pn^ssure (after a. sliarf), brief rise) ftiUs ]>rofoui)dly for a. 
period of 2 1 ju)urs, reeov(‘rv usually oeeiirrirm within 7 hours. This etVeet 
is inde])endent of thf'. arterial |)ressure.. wliieli shows variable ehantxes, and 
of tlu‘ veiuuis [jn'ssiire, whicdi rises iuitially and then returns to al)()ut its 
original Ica'cI (L<"ig. 7(h 11). There, is marked shsinhnnj of the. brain sab-sfanan.: 



Kio. 70. KfV<‘<‘ls of M v}»«aonii.* and ll\ Saliiu* on (Vrelnosjiinal I'liiid Pn‘ssm-(‘, 

N'onons l’r(‘ssnr(‘, and Arte rial l’»lot>d Pressun*. (K\|>i‘riMienlN on i-ats.) and 

11 n!jrlis»)n, A nn'r.J. Pitt/finl., 1021.) 

Onliiiati'; <'.S.l''. pirssan'(C.S.l'M'.) aiul Siaicais pressarr (V.l’.) in niin. vval.i'r ; arlcrial lilood prrsMin* 
(i’l.l’.) in mill. lii.;. 

A ; inj(M-f :i() (M‘. ol distillnl water inira venmisly. 'J'tKTe is a tri\ iui risi* o|'arterial pr«'.'>siire, .i risi' oi \ enoiis 
incssiin; and a marked sijslained rise of i pres?>iire. 

It; injeet II! of a :in",, N.-n'l '^ulntimi intraM-nmisly. 'I’iiere is a -ilieht ri.'.e oC arterial hlixid pressure 
alter an initial lal). ainl a. tran-imit rise of xemnis pres'.nre. After an initial rise, t. .n.K. jn-essinv 
shows a very marked and siislnined fall. 

t in* eonvolutions btH’onu' snuiller and tlie sulei wider and (h‘eper. 'Phe injection 
of 1 n. of Nji(M pnr kij. Ixtdy weii»ht. lowers the eereltrosjiiiial lluitl jtressure by 
S can. ILO. Jf 10 20 e.c. of a »J0% solution of NaJ’l are introduced into 
the duodenuiu f)r rectmii of a, eat t he (cerebrospinal llnid pr(‘ssiir(‘. may tall 
by K) em. floO ami jiot la* nvstoreil tn nortnal for 17 IS liours ; if the tluid 
is introduc{‘d into tiie stomach tlu^ ivsnlts are l(*ss certain : saturaUul solutions 
of sodium sul})hat(‘. ^ivc similar r(*sidts, but are sUiwer and hess markfuJ in 
t lieir action. Th(‘ jteneral ellccts of an iujeetiou of hy|)ert.onie stilirn^. on the 
volume and comp(tsition nf the extracellular tluid (\vhi(‘h includt^s the plasma) 
aJid t.lu* intracellular Iluid an‘ shown in Kin. 71. 

ily])ertonie, saline aeds by raising; the crystalloid osmotic, pressure of the 
plasma. Water eonsecpjentlv Hows from the. interstitial fluid into tlu^ plasma 
and secondly //•(»/( fbe cells into the infersfifial Jltfld. The brain (like cells 

* iSiriiilnr chnagtes ocoar in watrr Inhoicalion. (p. aS) and inny lar^jjfdy aceoiiut for the 
cerebral symptoms. 
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EFFECTS OF HYPERTONIC SALINE 


elsowliere) therefore shrinks, and e(‘r(d)ros|)iiial Iluid is withdrawn osrnotieally 
into the cerebral blood v<>ss(ds peiK^rally. lii addition there is a rererml of 
vervhrosp'nml Jftiid Jloic, i.e. il passes Inu'lciran/s throaph the. choroid plexuses 
from, ihe reutrides into the blood ressels. Usinj^ Wet‘d'.s I’riissian blue niethod. 
(p. 123), Foley ^ introduc(‘d I he ferrocyaiiide and iron-amnioniurn citrate 
solution into the cist(?rna ma^iia. Normally, even if the fluid is injected 
under a ])ressure of 10 cm. IloO, the dye does not ]H‘netrate beyond the 
aqueductus. ll was foinul, however, that after th(‘ intravenous inie(*tion of 
hypertonic saline, tlu'. dy(‘ [)ass(‘d fredy iiito the perivascular spaces and 
into the blood vess<'ls which they surround, into the vessels which course 
through the subarachnoid space, into the ventricular system and through the 
aqueductus Sylvii to the extremities of the frontal and occipit-al lobes. If a 
cathet(‘r connected to a manometer is introduced into the cerebral aqinaiuct 
so as to obstruct it, it is found that the intravenous injection of hypertonic 



.Fio. 71.— Kllfct <»t II \ pcrtiniit* Salint* on I >ist ritiition aiul 
(.'oinjM)sitioii of Body Flnirls. 

Total aifiis of li, I rrprrHoiit voliitnc of «‘xtra(vlliil;n‘ and inlrarclliilar 
Iluid, ,\f«'as Na, K r«‘|in*M*id Um* foiicoutratioii of Mi»*s«' ions in 
o,\trarfdlular and iiitracvllular Iluid. 

ladt-haud box : Contrrd valu**N. 

.Mid<lli‘ box ; Kllrrt> of iujr<-lioii of liypri'tonir .salitu*. 'I lir \oluiiir of 
cxtracrllular Iluid (Id Is iui nasrd and its Na' ••oiicoidration is raiscid. 

ITIjc How of inlorstilial and «‘<‘n‘brospinal Iluid into tlir l)loj>d is not 
di'iui'tt'd. 1 

Jli'.:hl*liand box: Tin- h\pfrtonioity of tin* fxtraocllular Iluid withdraws 
Iluid from tho rells. 'I'hc intraooUular tluld volume (1) is deereaseil 
and its K' eoneeidrati*ui is raised. 

saline cjuises an immediate and profound faJl of infrareHtrirular pressure, 
althouffh the aqueduct ts occluded and the normal jiatli t>f esctipe for t he corebro- 
spinal Iluid is not available. If ^\e(‘d^s iluid is introduc(‘d through the 
catheter directly into the ventricles, and the expmiment. is rept‘at.e.d, the 
dy(‘. is found to pass through the cells oj the choronl plexus ndo the coutaiued 
capillaries^. As the intraventricular pre.ssure changes pn*c,ed<^ tho.se in the 
subara(dinoid sjiace, it is obvious that Iluid is being absorbed bv the plasnui 
in the choroid plexuses (owing to ditferences of (uystalloid osmotic pressure), 
thus setting up a further current of fluid from the suliarachnoid spacre 
|cisterna magna] into the ventricles. 

Flimc.'XL Apj’LIOATIOXS. The. raised intracranial jire.ssiire of cerebral 
tumour is tcunporarily lowered by intraviuious inj<M*tion of hypertonic 
solutions. The solutions employed are: 10",, salim* (oO c.c.), 23",, glucosf* 
(KKi C.C.), or 30",,, sucrose (1(K) c.c.). Consciousn(‘ss may be r(‘.stored, luMd- 
ache is r(‘liev<.‘d, and the swelling of the o]>tic disc diminished, fntracrajiial 
i F<iley, Arch. Xeiirol. P.'ujchiaL, 1921, .5, 741 ; Arch. tSunj., 192;j, G. a87. 
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A = 20mmHg 
B = 40 mm.Hg 
C = 60 mm.Hg 


40 

SECONDS 


operations are made easi(*r and safer as excessive liulging of brain substance 

is prevented. The beneficial effect of hypertonic solutions is transienl. 

'rhe hypertonic solution can withdraw c.sj*. into the blood only while the 

crystalloid o.p. of the blood exceeds 

that of the interstitial fluid (includ- 

iiig c.s.f.). (Gradually, however, the ^ 650 - 

salt diffusefi (nd of the plasma into the g . 1 A = 20mmHg - 

interstitial fluid; the water follows | ccn - /\^ B = 40mm.Hg 

it; and finally the plasma and inter- ^ /\ c = 60mra.Hg 

stitial fluids come into osmotic equili- soo ^ / \ 
briura, both being slightly hypertonic ^^50 -/a\ 

Mild both being increased in vohnne. g j/\\ 

This stage is harmful if it were not 2 11 \\ 

compensated for by renal activity, a. 350 // \l 

(ilucose is oxidized in the body leaving | 300 | ^ 

a condition of simple water excess 
which is readily dealt with by the ^ 

kidney. Sucrose is rapidly e^xcreted | 

in the urine. With hypertoniii saline 150*—«—*—*—*—*—i—j. — j— 

tli(‘ excr(d.ioii of the injected winter ° seconds 

must, howev(*r, await tli(‘ relatively 
slow renal excr<*tion of tlie salt. 

Cases of internal hydroce^ilialus | ' released 

benefit t/ 4 *iii])orarily from this treatment 2^ 300 - | 

to a marked degnic owing to the I 

reversal of flow' of the C(;reJ )r()S])iiial fluid p t ' eomm^Mg^y * A 

and the absorption of the aceurau- »3o ^ 

lated intraventricular fluid into the | 100 -eomniHg ^ \ * - 

choroid plexuses and elsewh(‘re (p. 128). so'- J z o"* " 40 ' '*' 6 ^ 0 * so 

Concentrated human serum (contain- seconds 

ing, c.g. 30% of protein) may also Fio. 72. KWvct of Rnisod diignlar 

be used clinically.^ The resulting rise Venous Pressun^ od Lumbar Cen'hm- 

of ])lasma motein osmotic pressure spinal Jduid Pressure in I^ornml Sub- 

1 r^\ 4 .^ ni Patient with Partial 

p. 15) eads to withdrawal of mr^- .spi„„, (Turner anJ Bynie. 

brospinal tluid into tlie blood vessels, Yak J. Biol. Med., UMO, !2, 739). 

produciiig a fall of intracranial fires- ,:,p,rr.r,mi. .Vorniai. a Wood pr^urc .-uff is 

sure which may last for 18 24 hours; Hxoa round the uitK ami the. baK Ih Inllatr-rl 

4.1 A. 11 * 1 r A.I A A. J **’ l>i*<‘s.siir«‘s of 20 mm. 11 k (A), 40 mm. 

the crystalloids of th<; coju^eiitrated uix (in. 00 mm. iiti (o at th.' bepinninK or 

T)iasma also produce their characteristic }:*“■ it < orii (iioiMt o ou ahsrissa) maintaineti 

^ ^ .. , „ lor 10 sn-. ami till'll released, ^otu thu ri.si* 

enect lor th<‘. Iirst lew iiours after inr.s.r.pivssurriiirarhcasi-toaboutthelovpl 

,, of tliu occ'JiJsion iirussiin.'. ()u 

(In; .4 f pressure rapidly fulls. 

INOCULATION Syndrome. -- The reconi. cast* with partial 8pinal block, 

i i. j u The c.s.f. prc.s.siirfi is lower. OccludiuK 

Spinal SUbaracnnOlCl space may be the junular vein for lO »cc. (between the 

obstructed by injecting puraffin w'ax. arrows) produn-s a 
Kemarkable changers oc(nir in the fluid 

b(‘low the level of the block ; the protein content is grently increased and the 
colour is now yellow. The exact cause of these changes is not known. Possibly 
the spinal veins which run longitudinally upwards are compressed ; the 
venous and capillary blood pressures rise, and consequently blood corpuscles 
^ Hughes, Mudd and Strecker, >lrc^. Neurol, PsyckicU.y 1938, 99, 1276. 


A g 60min.Hg ^ 

4.® ISO • 40mm,H q . 

f 100 - ZOmmHg 

’ sol—-» 


Fio. 72. Kff(*(‘t of Rnisod .lugulnr 
Venous Pressun^ on Lumbar Ceri'bro- 
spinul J'Jiiid Pressure in Normal Sub- 
jeet and in Patitmt with Partial 
iSpiiial Block, ('rurner and Byrne, 
Yak J. Biol. Med., 1940, 12, 739). 

Upper ret'finf. Normal. A blood pressure cuff is 
llxoil round tJjc ucck and the. buK is liillatcd 
to pri'ssuri's of 20 mm. IJk (A), 40 mm. 
Ilj; (ID. 00 mm. lip ((’) at the beprInninK of 
the ifi’ord (point O ou abscissa), maintained 
for 10 see. and tJicn rchwsijd. Note tin; rise 
in i-.s.f. piTssurr in racii case toahont the level 
of the occlusion jircssiirc. Ou rcleaslnn'’tlic 
entr pressure the c.s.f. preK.surc rapidly falls. 

Loi er reconi. Case with partial spinal block, 
'file hiitial c.s.f. pre.s.surfi is lower. OccludiuK 
the juirular vein for K) sec. (between the 
arrows) produces a much etnaller riee of c.s.f. 
p^(^ssure. 
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LUMBAR PUNCTURE 


and plasma containing much protein exude. TIh^ luenioglobin disintegrates 
and gives rise to a yellow pigment and the carot(*ne of plasma also contributes 
to the colour. Clinically, chronic meningitis or tumours of the (;ord and its 
envelopes ])rodiice idimtical changes in the cerebros])inal fluid -the Froin or 
Inriilafiov The ])rotein is increased to O-o or or even up to 4% ; 

albumin and globulin are present in the saim* ])roportions as in blood ; tin* 
fluid coagulat(*s spontaneously, owing to tlie presence of fibrinogen ; the 
yellow coloration is t(*rme(l janthorhromla. The cell count is normal, except 
in sy])hilitic cases. The only essential feature of the syndrome is tlM‘ 
raised protein content above 0*5“;,. (In inflammatory h'sions of the nHming(‘s 
tin; increased permeability of the blood vessels also fM‘.rmits the exudation of 
a fluid rich in protein.) 

When th(' spinal subarachnoid space is blocked, compression of the 
internal jugular veins in the neck raises the ccTcbrospinal fluid j)n*ssurc 
above the level of the block to the normal extent; Ixdow the level of the 
bloc;k the pressure of the fluid is raised V(‘ry little or not at all (Fig, 72, lower 
n‘Cord). 

Lumbar Puncture. —This is carried out by introducing a needle into the 
subarachnoid space below th(‘ it^rmination of the spinal cord, usually between 
the spines of the fourth and fifth lumbar vertebra\ 

Indications : 

(1) For diagnostic parptKS(‘s. 

( 2 ) To relieve raised intracranial pressur(‘, c. 7 . in meningitis or uraunia. 

(3) For th<^ introduction of therapeutic agents. 

(4) To produce spinal amesthesia. 

Use ok Likiodol,—L ipiodol is a very heavy licpiid, opaque to X-rays, 
which can be injected into the cisterna magna. Normally it droj)s by reason 
of its weight to the bottom of the spinal theca. If the subarachnoid spa(;e is 
obstructed by tumour or by adhesions, the lipiodol is held up at that point 
and its positiem can be denjonstrat(?d by X-rays. 

Pathology of Cerebrospinal Fluid. — The significance of certain changes 
in the compo.sition of the cerel>ros])inal fluid will now bti considered. 

Pkoi'ein.- -The amount of ])rotein is estimated by boiling with trichlor¬ 
acetic acid and comparing the turbidity produced wdth that of fluids containing 
knowm concentrations of protein. 

If globulin i.s present in excessive amounts, th(j Nonne-ApeM react ion is 
obtained. On adding ] c.c. of cerebrospinal fluid to 1 c.c. of saturated 
ammonium sulj:)hate solution a grey ring of precipitate appears at the junction 
of the two fluids. 

The amount of protein is increased in all meningeal affections and is the 
expression of increased permeability of the inflamed blood vessels. A positive 
test for globulin when the total protein is 0 - 1 % or less is strongly suggestive 
of a syphilitic afle(.*tion. 

Cells, —An increase in the number of cells in the fluid is suggestive of 
inflammation. 

(i) LymphocytoHis usually occurs in acute infections, particularly in 
tubercular meningitis, lethargic encephalitis, acute anterior poliomyelitis 
(except in the pre-paralytic stage), and in all syphilitic affections of the nervous 
system. In the last group the number of lymphocytes depends on the degree 
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of meningeal involvement, and tlje number of cells may vary Ix^tween 10 and 
500 per c.mm. 

(ii) Leucoet/tosis (polymorphonuclear) occurs in all ])yog(‘nic infections, c.r/, 
meningococcal or ]meumoco(r.cal, and some case's of tubercular meningitis. 
Large monomidmr cells aj^pear in cases of tumours invading tJuj meninges. 

(tLUcose and Urea follow tin' level of these substances in tlu' blood. 
'Phe glucose concentration is high in diabetes, and tlie urea level is usually 
raised in uraunia. 

The general chang(*s in the cerebrospimil fluid in are : increased 

[pressure, increased cell count, increased protein concmitration, and decreased 
concentration of glucose and chloride. Acute pan/Zc/// meningitis is mainly 
du(‘. to meningococcus, pneumococcus, stn^ptococcus, and staphylococcus ; 
the cells are mainly p()Iymori)hs. Tn 1nhr.rcular meningitis the fluid changes 
an* generally less marked ; the pn*dominant cell is the lym]>hocyte. 

'Phe following Tables (after Symoiids) show the changes in the cen'bro 
spinal fluid in some important conditions : 


I 


1 Normal (Vrebro- 
j Spijial t’liiifl. 


Meningitis. 


''I’litiercular Meningitis, j 


Colour . . I 

IVotCMfJ . . I 

Sugc'ir . . I 

Cr (expressed ^ 
as NaCl) . ' 
Cells per c. Ill in. : 

i 

Pressure in mm.j 
water in lateral| 
r e e u in b e n t | 
])osition. 


Clear and eolour- 
less. 

Average, 002%. 

0 - 0 S*\,. 

1-0 lvin()bo<*yt<*s 
[KT (•.mm. 

100 - 200 . 


Turbid or purulent. 
(Mot on standing. 

Increased to 01- 
0 ;V>;,. 

I )iminish('d orabseni. 

Hedue(*d to O-tia or 

Iiien^ased, PlOO- 
10,000 of poly¬ 
morphs. 

Increased. 200-oOO 
or more. 

fausativt* organism 
])resent. 


I Clear, tliread-liki* eoagu- j 
I him on standing. 

I Increased to O-OO O-.M'),,. 

I DiminislHHl, Imt md eon • 

; staiilly. 

i Jledueed, often below 

! 0 -r)“„. 

Increased. oO- Tsu- j 

ally 75'*,, lymphocytes, j 

Increased. I 

I 

Tubercle bac'illi may be j 
j>res(*nt. 


General 

Paralysis. 


Tabes. 


.Meningo-Vascular 
Syphilis. 


IVoteiii 
Cells . 

W'asserrnann 
! rciaction— 

blood . 

Cerebrospinal \ 
tluid . ) 

Benzoin curve. 


0-U5-t)-l%. Globulin I 0 Globulin , OO.M-O-OS'^V fib'bulin 

reaction -f. | reaction -f . reaction -| . 

L'p to 400 per e.miii. ! 10-80 fier e.mm. or i lO-SO per c.mm. All 
All lym])lKK*ytes. ;more. All lympluaytes. lymphocytes. 


I Early, 75% , 

(bate, 100% f.i 

All stages, 1 

Paretic. 


i 70% +. 
I 70-';, +. 

Luetic. 


i so-;.', H . 

’ r.o-';, 4 . 

I i.uelic. 


Colloidal Benzoin Reaction. —Normal cerebrospinal fluid in any 
dilution added to a colloidal benzoin solution has no effect. In syphilis of 
the nervous system, incomydete flocculation (recorded as I) or complete 
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rtocculation (2) may ococir. Dilute the eerehrospiiial HuicJ o'o, A, l io- 
III general paralysis of tlie iiisam^ the results obtained in the different dilutions 
are 2, 2, 2, 2, 2 ('paretic carve), i.e, complete flocculation occurs in all. In 
tabes and rneningo-v'as(*ulnr syphilis the results are I , I , 2, 2, I (luetic curve), 
i.e. incomplete and complete flocculation o(‘.ciirs. A similar test can be 
carried out using a colloidal f/ohl solution (liang(»). The explanation of the 
reaction may be this : the albumin of the ccridirospinal fluid normally 
checks flocculation ; the excess of globulin which is [iresent in svfihilitic 
nervous <lis(‘ase overcomes this action and tliiis produces a precipitate (cf. 
}>lasma flocculation tests of liver function, p. 831). 



II 

THE BLOOD ' 


The blood consiv'^t.s of jilasftui and corpuscles (red cells, white cells, and 
platelets). The followinj^ asj)ect.s of the f)hysiology of the blood have already 
been discussed : 

(i) (\)ni])Osit.ion of plasma, and red cells (j>p. o, 7). 

(ii) Interchanges between plasma, and interstitial Ihiid (p. 17 ). 

(iii) Total blood volume, plasma volume. r(‘d cell volurm* : their deter- 

ruination (p. b) and regulation (p. 80) in health and disease : 
liaMnatocrit value (j). 0)). 

(iv) Ii ‘ ion concentration of the blood in health and disease ([>. 87). 

(v) Role of the kidney in tin* regulation of the comf)osition and volume 

of tlie j»lasnia (j). 2J ). 

Other aspects of th(‘ jdiyBiology of the blood are. dealt with below. 


THE PLASMA PROTEINS-* 

The total plasma protein concentration is Jb4-8 r5 g. per 100 c.c. Two 
principal groufis of filasnia proteins are conventionally" rt^cognized : serum 
alhutniu and srrunt (jlobaJin, Tin* globulin irai^tion can be further sub¬ 
divided into 0 -, /i-, and y- gIol)ulin and fibrinogen. A number of proteins with 
specific physiological functions have been jrartially isolated from the 
globulin fraction by such methods as electrophoresis. Among these proteins 
an^ prothrombin, plasma thromboplastin, isohjcmagglutinins, hypertensin- 
ogen, immune globulins, and anterior pituitary liormones. 

Properties of Proteins.— f)nly those properties which need be known 
to understand the methods of separating the f)roteins of the plasma, and 
their 'physiological properties, will be considennl here. 

(1) Pkkcitttatjon in Salts.—D ifferent [)roteins are fuecipitated from 
solution by addition of different concentrations of salts. Thus albumin 
is precipitated by saturation with (NH 4 ) 2 S(),,, globulin Iw half-saturation 
with (NH 4 ) 2 S 04 . This method of separation gives a normal serum albumin/ 
globulin ratio of 1*7 (e.g. albumin 4-5, globulin 2-7 g-%). 

(2) Skdtmentattox in Ultkai^entrifuoe.—T he different proteins 
sediment at different rates whiui solutions of them are spun at very high 
speeds in the Svedberg ultra centrifuge : separation can thus be effected. 

* S<**‘ Whitby and lirittmi, l>iscasrN ttf Otli rdii., LtaMion, lbr>(). Wintrobc, 

('finical Hmmaiology, PhiJa., 2rid odn., J946. Downev, Haiulhook of Hcematology, N.Y.. 
1938 (4 vols.). 

® Marrack and Hn»?h, J. rlin. PalU.^ 1949, 2, 161. (^^^ln and coworkers, J. din. Jnveatiy.^ 
1944, 23, 417 and 21 succeeding ])apers : Cohn, Blood, J946, J, 3. Gutman (Plasma 
Proteins in Disease), Advances in Protein Chemistry, 1948, 4, 166. 
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(3) Tsoklectkio Point. —Proteins oan behave either as bases or as acids 
owing to the fact that their constituent amino-acids (p. ^^70) contain both 
basic amino (/.c. NHo) grou])ings and acidic carboxyl (i.e. COOH) groupings. 

A protein can be diagranimatically represented thus ; 

alkaline solution a. protein behaves as an acid (by virtue of its COOH groups) 
and forms a salt (NHfg K - COONa) ; in an acid solution it l)eliaves as a 
base (by virtue of its NH., groups) combining with acids, e.(j. IlCl, to form 
NH,C1-R COOH. 

In solution a protein ionizes slightly. In alkaliac solution the reaction 
can b(; rejueseiited thus : 

NH. NH2 

R “ R +Na^ 

COONa "xCOO' 

i.e. the j)rotein ion is negatively charged (it is an anion). 

Jn acid, solution the reaction is : 

,.-^NH3C1 /•'NH3+ 

R ' --- R 4(T 

X^COOH " \COOIl 

i.e. the protein ion is positively charged (it is a edition). 

At a certain pH (specific for each protein) a protein behaves neither as 
an acid nor as a base ; it is un-ionized and does not move in an electric field. 
This pH is called the isoelectric point ; at th(i isoelectric ])oint the solubility 
of th(^ protein is at its minimum and it tends to })recipitate out. The iso- 
<;Iectric point of serum albumin is pJl 1*7, thai of the serum globulins is 
pH 5*4 7 0. 

(4) Bufkeu Action.—As the pH of pla.sma is 7*4, i.e. well to the alkaline 
side of the isoelectric point of the plasma proteins, th(i latter behave as acids 
and are bound with base (almost entirely Na‘). 8uch molecules as are ionized 
give rise to jinjtein anions. The reaction can be representecl thus : 

NaPr^Na+ I Pr'. 

The amount of base (Na*) which is combined with the 70 g. of protein in one 
litre of plasma is Ifi milliequivalents (cf. p. 12) (i.e. lfix0-023- ()-4 g. of 
Na ■ per litre). 

The base (B) which is combined wdth the plasma {)roteins can l)e attacked 
by to form BTICO3 (actually NaHCHlg) ; this reaction helj)s to preserve 

the reaction of the plasma and aids in the carriage of (■Og. The plasma 
proteins are thus buffer substances (p. 01). Din^A observation shows, 
however, that at the pH of the blood (which is far removed from their iso¬ 
electric point) th(^ [)la.sma j)roteins n‘tain a firm hold on their base and so 
actually play little part either as buffers or as aids to COg carriage ; they 
are probably responsible for less than one-ienlh of the total buffer action of 
blood. 

(5) Molecular VVeicht. The molecular weight of serum albumin is 
69,000, that of y-globulin 156,(KX) and that of fibrinogen about 500,000; 
these molecular weights are relattid to molecular size. Larger molecules 
pass less readily than smaller molecules through the capillary wall. The 
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normal capillary endothelium is almost impermeable to all the plasma 
proteins ; but when its permeability is iiUTeased (e.g. in disease), albumin 
(having the smallest molecular weight) is the first f)rotein to f)ass througli. 

(6) Osmotic Pressurr.—S e(i p. 15. 

(7) Molecular Share axi> Dimensions,-— Expressed in .4ngstr(>in 
units (A.U.) (A.U. - K)-” (‘m.) the dimensions are : 

albumin, 150x38 A.U. : 
y-globulin, 320x30 A.U. ; 
fibrinogen, 900x33 .A.U. ; 

(cf. Na"^, 1-9x1 *9; CT, 3-6X3-0; glucose, 9*5x 0-5 A.U.). The shape 
of the mohicule determines the viscosity of its solutions (infra). 

(8) Viscosity. —The resistance to the flow of fluid (at constant velocity) 
through a capillary (of constant bore) depends almost entirely on the viscosity 
of the fluid. The viscosity of the blood is thus a factor in maintaining the 
peripheral resistance and thereby, the. arterial blood pressun*. (}>. 303). The 
viscosity of a jirotein solution depends far more on the shape of the j)rotein 
molecule than on its size ; the less symmetrical the molecule the great(?r is 
its viscosity. For this reason the following solutions have e(|ual viscosities : 
25% albumin, 15% y-globulin, 2% fibrinogen; each of these solutions has 
a viscosity equal to that of twice concentrated plasma (^.c. a plasma with 
15 g. of “ mixed ” proteins fier 190 c.c.). Surprisingly enough the viscosity 
of whole blood (Le. plasma plus suspended corpuscdes) is also only that of 
twice concentrated plasma ; this means that the corjiuscles and the plasma 
contribute equally to the total viscosity of the blood. 

(9) Electrophoretic Moriltty.—As already exjilained, in acid solution 
jiroteins form cations and in alkaline solutions they form anions. If tln^ 
force of an external electrical field is applied to [)r()tein molecules dissolved 
in a suitable solvent, they an* caused to move : in acid solutions the protein 
ion (being positively cliarg(Mi) moves towards the cathode : in alkaline 
solutions the protein ion (being negatively charged) moves towards the 
anode. The rate of movement or mohUity (/.i) is ex|)ressed in cm. per sec. 
when the protein is in an electrical field of one volt per cm. The mobility 
varies with the protein (also with pH, viscosity of the solvent, and the 
nature and concentration of the dissolved salts). Each ])rotein moves witii 
a characteristic; mobility ; therefore when a solution of mixed j)roteins (in 
a tube) is jdaced in an electrical field with tin* <*lectrical poles at the (‘iids, 
the contained proteins gradually separate out like the runners in a long 
race who, having started together in a row% end up at the w’innirig post as 
a long string. The greater the difference in mobility betw-een the molecules, 
the more complete is the separation wdiich can be (‘ffected by this method. 
Using a suitable technique the proteins can be photogra|)hed as they are 
“ strung out ” along the tube giving the kind of picture* shown in Fig. 73 : 
th(;se picture's are called electrophoretic patterns or diagrams. The* area under 
each peak is a measure of the concentration of the particular com¬ 
ponent. The principal peaks (in descending order of mobility) are albumin 
(highest mobility); Oj-, ag-globulin; /^-globulin; fibrinogen ; y-globulin (lowest 
mobility). 

The concentrations of the protein fractions thus separated out (expressed 
as percentages of the total plasma protein content) are : albumin 55% ; a-globulin 
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(fli+aa) 13% ; /i-globulin 14% ; fibrinog«n 7% and y-globulin 11%. The 
albumin/globuliii ratio obtained by (dectrophoretic analysis is tlius 55/45=1 *2, 
an average result vvJiioh is two>thirds that obtained by classical chemical 
frartionation, i.r. 1-2 (•oin])ared with 1-7 {pp. 15, 133). 



Fig. 73. —Electrophoretic Diagram of Normal Huiimr* 

Plasma. ((V)hti et al ,,»/. cliti. J /r/v.vnV/., 1944, 'J3, 4*20.) 

Th«' urea of eudi ihitlectiou is proportioual to Dk* coia^entration ol' 
tta* imlivklual pr«*tdii in Mm* plnsmn. (<T. Fitr. .'is'iO) 

Six main functional protein fractions have been obtained by electro¬ 
phoresis of plasma ; their components are shown below. 

FracHov 

1. Fibrinogen (-| the globulin called ])hisrna thronjboida.stin 
which ftromotes clotting in Ineinojdiiliacs.) 

II. Immune globulins (—y-globulin). 

Ill, (1) IsolKPinagglutinins (=/!-, y-globulins). 

(2) Prothrombin, tibrinolysiii, plasma thrombojdastin (=«-, 
y-globulins). 

JV. a- and ^-globulins, hypertensinogtm, alkaline phosydiatase. 

V. Albumin. 

VI. Proteins in mother liquor (albumin and u-globulin) ; also 
follicle-stimulating hormone, of anterior pituitary. 

Many of the proteins mentioned above have; been isolated in a high 
degree of purity, e.y. albumin (in a Ijorrn suitable for intravenous injt^ctiuii 
clinically) ; isoh(miagylutinm,s (in 16 times the concentration found in pooled 
plasma) ; immuneylohuUns (active against diphtheria, influenza virus, measles, 
mumps, tyydioid bacillus) with 15-30 tinjes the immune ])ot(*ncy of pooled 
plasma ; proteins coiicerued in blood dotting (p. 139). 

Relation of Diet to Plasma Proteins.* - This is best studied in the 
standard 'plasma-depleted dog, as descjribed by Whipple. Whole blood is 

^ Madden and Whipple, Physiol. Jttev. 1940, 20, 194. Whipple, Amer. J. med. Sci., 
1^*2, 203, 477. 


mainly I 
p and y - 
globulins I 
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withdrawn and the corpuscles reiiij<*.cted susj)ended in Ringor-Locke's solu¬ 
tion (i.e. a protein-free Iluid) ; th(i procedure is known as pUismapherfisis 
(“ plasma skimming ”), and if repeated daily hiads to a progressive diminution 
in the concentration of plasma jirotein, as the rat(* of protein withdrawal 
exceeds the rate of regeneration. l)<ipletion is continued for some we(*ks 
after the plasma protein concentration has fallen to 4ord(*r to exhaust 
the protein reserves. Thereafter, on a standard diet, iht* rat(^ (>f ])lasma 
protein formation is constant. 

The results show% as might be ex]>ected, tliat ])lastna proteins are normally 
formed from food proteins, but that in })rotein starvation they may be formed 
from tissue protein. The efficacy of a food protein depends on the degree of its 
chemical resemblance, in amino-acid pattern to the plasma j)rotein which 
it is going to form ; very naturally ])iasma ])Toteins an? the most efficient 
raw materials.* Plasma proteins can also be satisfactorily synthesized from 
amino-acids if the ten essential ones an* j^resent, v.c. arginine, valine, histidine, 
isoleucine, leucine, lysine, ni(*thiouin(‘., ])h(*nylalanin(*, threonine, tryptophane. 
(Specifi(5 experiments have shown that methionine is essential for long-con¬ 
tinued ])lasma j)rotein formation and alst) for adecpiate body nutrition ; 
cystine can be substitiitcMl for short periods only) (cf. j). 881). As albumin 
and globulin have <{uite distinct amino-acid patterns, some proteins (e.</. 
those from muscle and viscera) favour albumin formation, while others 
(e.g, plant and grain proteins) favour globulin formation. The presence of 
infection depresses protein regeneration. 

Origin of Plasma Proteins. —Serum ({[fruinin and the proteins con¬ 
cerned in blood chuirtg (Jibrinogen, prothrouil)in) are probably formcul 
exclusively by the liver. In disease of the liver (e,g, acute hepatitis, cirrhosis 
(Figs. 544 anT 549)) tLi coiuMuitration of these constituents in the plasma 
falls markedly. Experiments with “ labelled plasma proteins suggest that 
they are completely destr oyed and replaced every^two weeks^(]). 879). 

The serum globulins are probably formed widely in the body, perhaps by 
the reticulo-endothelial system and the lymphoid nodules (p. 219) ; as the 
immune bodies are an ini})ortant <*onstituent of the serum globulin fraction, 
globulin formation is concerned wdth resistance to infections. Thus after three 
successive injections of ty])hoid vaccine the sf‘ruin globulin rose from 2'!o 
ultimately reaching a level of 4^*,, ; (the librinogeii level also rose (cf. p. 173)). 
The immune l)odi(\s are mainly in the ^’-globulin fraction. 

When the liver cells arc extensively damaged the serum gh)buliu fraction 
frequently rises, especially the y-globulin, altliough the serinn albumin falls : 
the (5ons(i(|uent abnormal |jhisma prot(*in pattern is j)robably resj)onsibhj for 
tlie lloccuiation tests of liver function (p. 832). 

After hamorrhage, fibrinogen, serum globulin, and s(*rum albumin are 
regenerated in that order, complete restoration being cdfected in a few days 
(p. 84). 

In nephrosis (]>. 75) serum albumin may b(‘, lost in the urine at the rate 
of 25 g. daily for several months before its coiUMuitration in tlie plasma is 

^ During fasting only 2-S g. of phisiiiu protrin are formed weekJy from tissue con¬ 
stituents. if whoh plasma (fresh or dried) is given by mouth, every .‘i g. of ingested protein 
produces 1 g. of new plasma protein ; the potency ratio is thus 3:1. The proteins of 
grains, potato, kidney, or liver have a potency of 5:1; red cells, heart, or spleen, 
10 : 1 . 

5* 
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finally lowered—further evidence* that the body can form this substance 
w’hen necessary on a large scab*-. 

In infancf/, low^ total f)lasnia protein c.oncentralions arc found (c.y. 5-J 
5-5%) owing to the low albumin content. Albumin and globulin decrease in 
the first (i months of j/m/zw/arv/, but the fibrinogen iiUTeascs. 

The relationship between ])lasma proteins and tissue proteins is probably 
an intimate one. Whipple suggests that the proteins of the cells can lx* 
divided into three cat('gories : {\) fixu] cell protein which is indispensable for 
c(‘ll life or activity ; (ii) dispensable reserve protein which can be called upon 
lc»r energy and otlier purposes in starvation ; (iii) labile reserve protein which 
can be readily turned out into the blood stream to maintain the plasma 
protein concentration. In haGmorrhage or in protein starvation such outflow^ 
from the tissu(‘s into the plasma takes jdace. If plasma proteins are given 
intravenously they can supj)ly all the tissue needs for protein, and food 
protein can be temporarily dispensed with ; this observation suggests that 
plasma protein can be niadily inci^rporated into thti tissues. Proteins taken 
by mouth after hydrolysis in the intestine are, of course, readily built up into 
plasma or tissue prot(‘iii. One must conceive of rapid interchanges between 
the proteins in the livtu*, plasma, and tJn^ tissues generally. 

Functions of Plasma Proteins. — (1) Pkotkins roMUfinxED wjth blood 
Clotttno. —(i) Fibrinogen, — (a) Tlie average* fibrinog(‘ii content of j)lasma 
\ is 250 nig, per 100 c.c. (range 100-330 mg Win*!! Idood is shed, fibrinogen 
^ iTc(UJvert(xf into fibrin by tlie m'wly forni(‘<i thrombin (p. 140). The fibrinogen 
level is not influenced hy fasting or by the proO'in content of the diet, so it 
obviously has a jiriority ' claim on the tissue protein reserves. 

(b) Plasma fibrinogen is raised in many acute infectious diseases ‘ ; this 
response is not s])eci(ic : it occurs (‘qually markedly in many otlu'r (‘onditions, 
and is not due to tlie associat(*d pyrexia. Thus y)yrexia produced by altered 
environmental conditions does not affect fibrinogen couc(*nt,ration ; intra¬ 
venous injection of typhoid vaccine, on the other hand, produces pyn;xia which 
is accompanied by a marked sustaiiu'd increase* in fibrinogen. Plasma 
fil)rinogen may be raised in infectious diseases in IIk? al)sence of fev(‘r or of 

! l(‘Ucocytosis. F ^jlure o f the pla:gma fibrinogeii tn risf* i< of. bij;(l 

pro gnost ic sjgnificance and nj^ayi^ixiijicat^^ liyot,fulyc t mn.^ 

(c) Plasma fibfTi^ogen I(*vel is one of the im]K»rtant factors which deter 
i mine the sedimentation rate, of the red corpus(!les (p. 172). 

(ii) Other Proteins (U)ncerned in Blood (JloUing. — The roh^ of [irothrombin, 
t hrombin and plasma thromlioplastin is discussed on p[). 131) et seq. 

(2) Pboteixs ('oxcekned with Maixtainino Plasma Colloid Okmotk’ 
Pressure. “See [>. 15. 

(3) Miscellaneous Proteins. - Tin* role of some of t-he other j)lasma 
])rotcins that have, been isolated ([). 133) are. considered in the following 
|)Iaces : hypertensinogeii (p. 319); alkaline phosphatase ([>. 1002) ; ant(*rior 
pituitary hormones (p. 930). 

(4) Carriage ry Plasma Proteins of other Plasma Constituents. - 
(i) Albumin adsorbs a number of substances, e.g. injected phenol sulphone- 
phthalein, Evans’ blue dye (used in plasma volume determinations (p. 9)), 
sulphanilamide and blood-thyroxine (p. 976). 

^ Ham an<l Curtis, Medicine, 1938, 17, 413. 

* Plasma fibrinogen is also increasud after trauma (j). 149). 
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^ (ii) A n (i-globulin al)stybs the resultiiif^ corn[)ound bciing respoii- 

sil)]e for the indinM't TiTnMe.n Bergh r<*iiction (p. 188). A /^j^-globuliii eoui- 
biiies with iron (p. 208) and oth(T metals. "J'lje globnlinsliTso combine with 
cTT()7esf(‘iV)l, vitamin-.>l, and steroid hormones. 


COAGULATION OF liLOOl).* VITAMIN-A. H^E.MOSTASIS. 
H.EiMOKKHAGKJ STATES - 

Blood Coagulation.— The essential reaction in coagulation of the blood 
j is the conversion of the solu))le j)rotein hbrinogen into the insoluble ])rotein 
* fibrin byTTrraTTTTJf'anTiizyrn^ in the circulating 

♦IrlTTort'as fTirdinbih dbc^s not, Init is formed from an inacjtive circulating 

precursor prothrombin when the l»lood is shed. The activation of prothrombin 
depends on th(‘ |)resenee of Ca^'^ ions and of certain organic activators of 
obseaire composition hibolle<i thromboplastins which iiiv. derivc^d from damaged 
tissues and disintegrating platelets and from tlie plasma itself. The formation 
of prothrombin (in the liver) depends on the a[>sorj)tion from the bowel of 
adequate amounts of vitamin-A*. It should be remernl)er(Hl tliat clotting of 
blood is not the only reaction responsible for arrest of luemorrhage (hwrno- 
st(hsLs).''^ Haunostasis also depends on certain reactions of the injured vessels. 

It is essential that the blood sfjouid normally be kept liuid whih; circulating 
in the blood vessels, though clotting when sh<*d. The Huiditv of the blood in 
the body depends (a) on the special physi(*al properties of tlie intact vascular 
endothelium, (h) on the flow of the blood (ix. on its not stagnating in any 
part of t he va,scular h(‘d), and (c) the presence in the blood of a. natural anti* 
eoagulant agent, heparin, (dinical states of excessive bh^eding (hcpmorrhwjic 
.states) may be dm* to (i) impaired coagulability of the blood due to some 
abnormality in the <?omj»lex physi(a)-chemical system concerned in clotting, 
or (ii) alterat ions in tin* vessel walls pr(‘V(‘nting them contracting down after 
local injury. Abnormal coagulation of tlie blood within the blood vessels 
{intrarascuiar tJiroinhosis) is gimerally due to alterations in the vascular endo¬ 
thelium combined with slowing down of tin* rate of flow ; it is rarely tln^ 
result of a primary alteration in tiie blood clotting m(‘chanism. 

It is easy to give a simple account of tlu? ]>rocesses involved in blood 
clotting as outlined above, thus : 

; l)aniag(*d Tissues 

Prothroiiibin-( (‘a.^ ! Thromboplastins^—Blood Platelets 

(inactive) 1 .1 I ■ .Plasma 

Thrombin Fibrinogen 

(active cnzijmc) I . I 

\f 

Fibrin. 

^ Maufarlaiie, J. din. Path.^ 1948, i, 113. 

“ Quick, Ilcbmorrhayic Diseases and IJtjemostasis, Springfield, 1942 ; Physiology and 
Pathology of HcemosiasiSf 1951, Astrup, Advancts in Enzyniology^ 1950, 10^ 1. 

® Not to be confused with homeostasis, a word coined by Cannon to signify maintenance 
of the constancy of tbc> internal environment. 
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(virculatiiig h(*}>ririn, which acts as an antithroriibin, is n(Mitraliz<*.H hy the 
newly formed thromboplastin. 

This simjde scheme, which is so easy to rememb(*.r, accounts for most of 
the main facets of i>lood coagulation but do(‘s not account for all. Any 
attempt to account fur all tli(‘ facts revt^als the coagulation process as it 
reallv is, namely as an elaborate series of physico-chemical reactions involving 
some of the ])roteins and (‘crtain otlnu’ of the constituents of a cornj>lex 
colloidal syst<Mn. namely the plasma. 

Role of Calcium. Ionic calcium is essential for clotting. Clotting is 
prevented (i) by addition of K oxalate which gives rise to a precipitate of 
insoluble Ca (jxalate, or (ii) by addition of Na citrate wliich forms a soluble 
compound, Na calcio-citrate ; but as tht», calcium is bound with the citrate 
radic^al it is no longer in the ionic form. For special jmrposes sodium fluoride, 
is add(*d to prevent clotting since it has the additional firoperty of inhibiting 
blood enzymes. l)ecalcified blood or plasma will clot on addition of adequate 
amounts of a soluble ionizable calcium salt, c.//. OiClo. The normal sc^riim 
Ca level (1<) mg. total, 5 mg. ionized per 100 c.c.) is more than adequate for 
optimal sjxMMl of blood (‘oagiilation. In hypercalcaunia due to parathyroid 
excess (p, lOOb) intravascular clotting may occur just before death. ions 

iire necessary for the activation of f)rothrombin but not for th(‘. action of 
thrombin on fibrinogen.^ 

Fibrinogen is a prot(‘in with a long thin thread-like molecule (dimensions, 
9 ()0X.T1 A.l.i.) ; its mohxmlar weight is nearly 450,(M)0 ; its isoeleetric point 
is ])}{ 5*5 ; and as is the rule with [)roteins, it is re.adily precipitated at this 
/)H after reducing the eh*ctrolyt(i content of plasma by pndiminary dialysis 
or dilution with distilled water, it is precipitated by heating to 47" Jt 
is probably foriiKMl in the liver ; exclusion of tine liver leads to a rapid fall 
in plasma fi])rinog(*n concentration, indicating that it is rapidly utilized, 
though where or for what purpose, is unknown. Fibrinogen is converted by 
thrombin into fibrin. Cases have been recorded in whicli the Idood was in¬ 
coagulable owing to the coni])I(‘te congtuiital absence of fibrinogtm.^ 

Fibrin.- In clotting blood, fibrin is laid down as a network of fine threads 
which entangle the formed elements of the blood, pTincij:>ally the red cells. 
Th(; freshly formed threads are extreim',ly adhesivt*, sticking to each other, 
to the blood c(*lls, to the tissu(\s, and to certain foreign surfaces ; this 
adliesiveness makf^s tln^ clot an effective hamiostatic agent. Freslily shed 
blood sets in a soft jclly-liktj mass ; gradually this clot contracts down 
(retmetfi) to about 40% of its tiriginal volume squ(H'.zing out avrum ® ; plasma 
(“lots can contract down to as little as 10 % of their original voluimi. Th(^ 
final (“lot is tougher jind more, solid and elastic and is [)resumal)ly a more, 
ctlichmt bung to daniag(Ml vessels. Clot ndraction is imi)air(‘d if the plM-tehds 
have Ixicii artificially removed or in disease conditions with a low platehd, 
count, although the sp(*ed of clotting is not prolonged (p. 159) ; it is not 
known how the j)latelets promote clot retraction, ( 'lots formed in the tissues 

‘ Oxalate plasma is j^reparod as follows. Blood withdrawn from a blood vessel into 
a receptacle containing fiotassium oxalat*? (to a final concentration of 01%) is centrifuged 
and the supernatant plasma {oxalate plasma) is remov(M.l. 

“ Prunty, Brit. J. exp. Path.. 104(>, 27. 200. 

’* The essential dinViren(»,e between plasma and serum is that j)lasma contains fibrinogen 
and is coagulahle whih' serum (having been squeezed out from the clot) contains no 
fibrinogen and is mjt (^oagulable. 
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have ultimately to he disposed of as healing takes place : 1h(^ dissolution of 
the clot--^7 h’///o/?/.s'os* is due to the action of j>rot(*olytic (Ui/yin(*s in the 
plasma which become activated. 

Thrombin.- The properties of this substances will be consi(i(*re(l liere : 
its mode of formation in shed blood is dis(?ussed Ik^Iow (p. 142). The most 
purified specimens of thrombin are very pot(‘nt and can coagulate at least 
(iOO times their weight of hbrinogen. 'Phrombin is an aU)uiiiin, wuth a 
molecular weight of 75,000 ; it contains no P or (.a : its pro]>erties are those 
of an enzyme. The velocity of the thrombin-fibrinogen reaction is accelerated 
by increased concentration of thrombin (h'ig. 74). The reaction j)roce(‘(:ls 
slowly at low temj)erature, accelerates with rising temperature to an optimum 



THROMBIN UNITS 

74. - - UclatiDiishi]) of ronrmt ration 
of Tlironiliiii to (lotting Time of 
Osalatod Plasma (A) and a t’ibrin- 
ogon Solution (B). (McParlaiie, J. 
dhi. Path., liMS, 7, 12f).) 
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TEMPERATURE 

i'lti. To. KilVct of Tornj)i*raliire on 
(l)agulatioii jfinn* of Xormal Whole 
Blood. (MaefarlaiK', 7. din. Pntli.. 
1U4S, 7, 121).) 


at 40® C. and then declines ; thrombin is destroved by heating to 60® 
(Fig. 75). 

Exactly what thrombin does to fd)rinog<ui to make its molecule insoluble 
in water is unknown ; jiresumably it alters its molecular configuration. 
1 'hrombin has been thought to be a protenlytic* enzyme but- this is uncertain. 
It must be emphasized that thrombin can act in the complet(J absence of 
Ca^ »- ions, i.e. it (dots oxalatt*d plasma ; Cad ’ ions thus }day tlndr part in 
the earlier stages of the coagulation ])roc(\ss.* 

Prothrombin. —This inactive piTcursor of thrombin is a globulin wdiich 
is present in the circulating blood in a concentration of about 40 rug. per 

^ Intravasadar Jnjedion of Throynhiv. largo amoinits of thrombin are injeclod 
intravenously {e.g. 3 mg. into a 2 kg. rabbit), deatli oc’cnrs within a few minutes from 
extensive intravascular clotting, esja^cially in the great veins and Iieart. No immunity 
against thrombin can be produced by repeat^id injections ol'minimal amounts of thrombin. 
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100 c.c. of plasma. It is precipitated at pH 5*6 and destroyed by heating at 
60° C. 

Protliroiubin is fonTHMl in tli(‘ Jiv(*r ; its conctnitration in the plasma falls 
rapidly aftei- hepatc'ctomy. Its formation dt‘pends on an adecjuate supply 
and satisfactory absorption of vitamin-K (p. 151). In new-born babies 
the y)lasma prothronil)in is (‘onsiderably lower than in older children 
(p. lod). 

Inception of Blood Clotting. - Thromboplastins.— The following 
observations are relevant to a considtnation of this question ; 

(i) Blood carefully withdrawn from a blood vessel without contamination 

with tissue lluid does not (ilot if kept in a container with a surface which 
is not water-'weitable, parallin-lin(‘d or made of a plastic like silicone. 

The addition to such a blood of a watery extract of almost any tissue 
(especially brain, lung, testis, platelets) promotes raj)id clotting. Thus 
circulating prothrombin in the presence of Ca++ ions remains inactive ; it is 
activated by the complex materials which are present in tissue extracts and 
are called thromboplastins (i.e. “ clot promoters ”). 

(ii) Blood collected as above (i.e. free from tissue, fluid) but brought in 
contact with a water-wettable surface, rapidly clots. The greater the surface 
of contact, the greater is the rate of clotting. It is presumed that thrombo- 
f)lastins are lib(irated by contact with such a surface : (a) from the platelets 
which rapidly disintegrate in such circumstances, and (h) from an inactive 
precursor in the plasma (a view supported by observations on hsernophiliac 
blood (p. 150)), 

(iii) When bleeding occurs following an injury, thromboplastins are 
liberated from all the sources enumerated above, namely damaged tissues, 
disintegrating })latelets, and altered plasma. 

(iv) Nature of Thromboflastums. —This question is unsettled ; j)rob- 
ably natural thromboj)lastin is an enzyme protein combined with a lipide 
(resembling cephalin) which activates the enzyme. Aqueous extracts of tissuc^s 
contain the ])rotein fraction ; ether extracts the lipide fraction ; the separated 
fractious are less effective, than the (uitirc complex. A very potent throud)o- 
})lastin has been extracted from tln^ venom of Jiusst*irs viper; added to 
plasma (even hamiophiliac plasma) it produces rapid clotting ; but it does 
not clot plasma from which the lipide has been removed. The venom thus 
resend)les the protein (enzyme) component of natural thromboplastin in 
ruMiding tin* presence of an activator (lipide) for its effectivti action. Tissue 
<*xtracts yield the w'hok*. active lipo-protein ; i)latelets may yield the lipide 
factor. In shed jlasma the protein-enzyme is probably liberated from an 
iinrrt ])recursor and is then suitably activated by the natuial li[)ides of the 
plasma.^ 

(v) Mode of Action of Thromboplastin. —In the presence of Ca ’+ and 
thromboplastin, y)rothrombin is activated to thrombin. As the thrombin 
molecule is smaller than that of prothombin and also contains no P or Ca 
there is no question of tin* reaction being a simple additive one. The enzyme 
component of thromboplastin is believed to sj)lit off part of the prothrombin 
molcrmle thus converting it into active thrombin. [Other proteolytic 

^ It has been suggested that there is fi plasma fraction {thromhocylolysin) which destroys 
(lyses) platelets therc^by liberating their contained lipoid clotting factor. This factor is 
deficient in hsomophilia. 
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enzymes— e.g. crystalline trypsin—produce coagulation in the saTne way ; 
and, as might be expected, agents which inhibit proteolysis inhibit blood 
coagulation.] 

In addition thromboplastin henfralizes the circulating hejiarin —which is 
an antithrombin—permitting the newly fornuMl throml)in to act. 

Thrombin is probably formed in small quantities naturally in the circu¬ 
lating blood. It is immediately antagoniz(!d by heparin ; in addition it 
combines with and is inactivated more gradually by an albumin fraction, 
consequently called antithrombin.^ 

Simple Coagulation Time. —This is most easily measured by finding the 
time taken for blood (collected by venepuncture or capillary [)uncture) to 
clot in fine capillary tubes ; the absolute values are of little inter(‘.st, but 
comparative values for normal blood and tin*, blood under investigation are 
most useful. Prolongation of simple coagulation time is evidtmee of grosa 
imj)airment of blood (joagulability. Such studies show that most of the 
coagulation factors are present in considerable excess for tVie conditions used 
in the measurement; thus coagulation time is unaltered until (i) fibrinogen 
is almost completely absent, (ii) prothrombin is reduced to less than 10% of 
normal or (iii) total serum (Si is reduced below the level at which tetany 
occurs (5 mg. per 100 c.c.) ; in other words the dominant factor normally 
controlling the clotting time of whole bhod is the concentration of thromboplastin. 

Clinical Estimation of Prothrombin. —The principle employed is as 
follows : Oxalate plasma is f)repared ; more than enough ionized Ca salt 
and thromboplastin {i.e, brain or lung extract) are added to produce 
optimum conditions for the activation of the prothrombin to thrombin. It 
is assumed that th(? (concentration of fibrinogen and of all other accessory 
factors is normal. The rate of clotting induced in these circumstances depends 
on the amount of thrombin formed and therefore on the initial prothrombin 
concentration. The time of clotting so produced is called the accelerated 
clotting time or the (Quick) prothrombin time (after Quick, whose technique is 
commonly used) ; a prolonged clotting time means a lowered prothrombin 
concentration. Curves have been constructed (Fig. 76) showing the relation¬ 
ship between prothrombin time and the prothrombin concentration (as a 
])ercentage of the normal) ; a prothrombin f)ercentage of 100 represents the 
normal concentration in plasma. In Fig. 76 KMVVJ, corresponds to a clotting 
time of 25 seconds. The actual normal clotting iim<*, obtained varies with 
each sample of brahi ♦*xtract and with some samj)les may be as low" as 12 
s(*,conds. Pathological samples should therefore always be compared with 
normal controls. It should i»e noted that the j)rothn)mbin may fall to nearly 

^ AnticoagulmiU .—Coagulation may bt* prevented or delayed as follows ; 

(1) Prevent the blood from coming into eontact with a wator-wettabh! surface (e.gf. 
collect in a ])arailin-coated vessel), or rapidly cool blood to 0*^ ('. These measures j)reveut 
the platelets and corpuscles from disintegrating, and so delay the formation of throrabo- 
plastie substances (p. 142). 

(2) Remove free calcium ions from the solution (p. 140). 

(3) Addition of neutral salts, e.ij. half saturated NagSO^. This dilutes tbe blood and 
apparently impedes the interaction of the various substances concerned in clotting. 

(4) Use of heparin or related substances (c.g. hirudin); (injection of peptone leads to 
liberation of heparin) (p. 144). 

(6) Use of dicoumarol (p. 154). 

Clinically, to keep blood fluid for transfusion purposes, sodium citrate is generally 
employed. To prevent or retard blood clotting in vivo heparin or dicoumarol is used. 
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lialf with only a small prolon^^ation of clotting time ; wli(iu the prothrombin 
concentration falls below 50^’4> the clotting time is greatly prolonged.^ 

Heparin.- -Heparin was first isolated frorti the liver (hence its name) 
and shown to be a powerful anticoagulant substance ; it was subsequently 
demonstratt^d in extracts of many other organs, e.(j. lungs. Heparin is 
probably liorinally secreted by a scattered widely distributed system ol 
connectivt* tissue cells called the mast cells ; it helps to maintain the normal 
Huidity of the blood within the vavscadar bed. 



PFRCENTAGF PROTHROMBIN IN PLASMA 

Lie. 70. -IteJation betwt^eri FVothroaibin Tjrn<‘ (tinu* taken for oxalab' 

])lasrna to olot adiiitir>n ofOa'^ * ions and tissue thromljoplastin) 
and Protliroinbin ]MTcenlagc (100 ~rMrmatconrcritration) in FMasma. 

(Kark ri at., Quart. ,i. Med.^ 1040, .9, 251.) 

Heparin inhibits blorxl coagulation both m vitro and in vivo ; it acts 
slightly by preventing the activation of prothrombin to thrombin but mainly 
})y neutralizing the action of thrombin itself. 1 mg. of a purified heparin 
preparation added in vitro to r)00 (!.c. of freshly withdrawn cat’s blood kept 
at (V' (\ may prevent its coagulation for 21 hours. Chejiiically heparin is 

i The abov(^ jiccounL has boc^n dclil)eratcly ov<T-siinplifi(‘d for the sakt) of relative 
(jhirity. The* followiri}' observations are worth nieritif)tung in a foidiiote : 

Prothrombin probably consists «)f two ctmqionents, on<* labile and easily destroyed by 
heat and storage, the other relatively stabU; to heat and st(irage. The stable factor can 
be adsorbed on aluminium hydroxide and is the component whitih is decreased in the 
plasma of fiatieiits treate<l with ditounuiml. Plasmas treat(‘d in any one of the above' 
ways all have long j)rothrombin times, Imt wJhui healetl or stonul plasma (troiitaining the 
stable factor) is mixed with a little iKirmal plasma, or with adsorlw^d plasma, or with 
plasma, from dieoumarolised patients (containing the labile factor) the prothrombin time 
is mu(!b shortened. 

Ovvioii described a ease similar !<» hiemo[>bi1ia, but with a long prothrombin time, 
which w as restf^red to normal by the addit ion of a little normal plasma. He called the 
substance active in imrmal plasma, factor 5, Owren’s factor 5 is probably the same as 
the labile component of ]>rothrombin. 

A co‘factor is said t-o be necessary for the activating action of C ^ ions. 

^ Jorpes, Heparin, London, 2nd odii., 1947. Quick, Physiol. Rev., 1944, 24, 297. 
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a jiolysaccharide built from glucosamine (amino-glucose) and glucuronic acid,^ 
and containing many sul'phate groups ; it is thus related to inuooitin sulphate 
(of mucus) and chondnhtin (of cartilage) (p. 839). A comparative study 
suggests that other high-moJ(‘cular-weight polysaccharides containing several 
sulphate groupings ])oss(‘ss h(‘parin-lik<‘ profxTties. Thus, if cellulose, 
glycogen, or starch are sulphated, they become highly anticoagulant (but, 
unfortunately, more toxic than heparin) ; monosaccharides or disaccharides, 
liowever, when similarly treatcxl, remain inactive. Some of the artificial 
anticoagulants su(.*h as Chicago hive and similar dyes, nurirudin, or the 
natural substance hirudin, <!xtra.ct(xl from the head of the leech, have a 
similar chemical constitution. 

Certain dyes containing the grou 2 >ing -—NH, change colour when added 
to a heparin solution in a test tube : this pro[)erty is called metoLchrowmia ; 
toluidine blue, for example, changes in colour to purple in the presence of 
hejiarin. [The reaction is specific* for sulidiuric acid esters (R—OSO 3 H) 
and thciir salts if they liave a high molecular weight.] Heparin is quantita¬ 
tively ])recij)itated from watery solution by toluidine blue and thus rendenxl 
inert; this redaction has been developed as a- gnantlfafive test for heparin. 
Prolamine has a similar precipitating action to tliat of toluidine blue. 

Mast Cells. —These cells, first described by Ehrlich, arci widely dis¬ 
tributed in many organs of all sjMicies from fish to man. They are found 
singly or in cliim])s ; characteristically, they are arranged in close f>roxiinity 
to the walls of small blood vessels, and may even refhee the lining endo¬ 
thelium. The cells contain numerous heparin granules which give a typical 
metachromatic {)ur 23 le reaction with toluidine blue. 

(1) There is a correlation between the number of mast cells in a tissue, 
its SO 4 " content, and the amount of heparin that can be extracted from it. 
Thus the liver of sheep und oxen contains many mast cells and yields much 
heparin ; the reverse* is the case with the liver of the rat. On the other 
hand, the subcutaneous tissue in the rat is rich both in mast cells and hei)arin 
content. (V)nsid(»rable amounts of heparin are found in the walls of the large 
vessels, e.g, aorta and vena cava, where, too, the yield is related to mast cell 
concentration. 

( 2 ) Jn conditions in which the heparin cont(*nt of the blood is raised 
(e.g. pe])tone shock, r. infra) the mast cells show loss of both granules and of 
metachromatic reaction. 

(3) Metachromatic exlrarellular substance is also found under the intima 
and especially in the media of the aorta round the* (dastic fibres ; it is also 
})r(*sent in the substantia })ropria of the cornea. These findings, too, are 
i-elated to a high heparin content. 

Pe/ptone Shock'. .Tin* intravenous injection of [)eptone produces a pro¬ 

found fall of blood pressure and incoagulability of the blood owing to an 
increase in he 2 )arin content; the mast cells a]) 2 )ear exhausted from loss of 
granules (Fig. 77). Tlie blood platelet count falls. The addition of toluidim* 
blue to th<' blood reduces its coagulation time (by precipitating heparin). 
The heparin (‘({uivalent of the blood (judgtxi by the toluidine blue r(*action) 
in peptone shock is 3 fi mg. per 1()0 c.c. compared with a normal concentration 

' Gluco 8 e=CHaOH(CH()n) 4 CJTO ) 

Glucuronic acid—CHaOH(CHOH) 4 COOH. jFor open chain structiin*, see p. 844. 
ucosamine=:CHaOH.(CHOH) 3 CHNHa.CHO.j 
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of about 0*15 nifj. Tnjortion of poptono acts siuiilarly in tlio iivorloss animal. 
It seems probable therefore that it acts on the mast cells generally, caUvsing 
them to discharge their hejiarin store. 
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Fio. 77.- Lihcration of flf])arin from Mast Oils in Livt^r. (Wilander, Skaml. Arch. 
Physio!.. 1928, <S7, Suppl. IT).) 

A. Normal livor (dog) x 1150. I’ixod with basic IM» ai ctatc and stained witii 1% aq. toluidiiio blue. 
The mast cells (M.C.) art* arranged round a .small blood vessel and lilU;d with well-marked granules 
of heparin. L.(J.«= hepatic c(*lls, ,M.(\ .--iiiast cells. 

IJ. Jdver after j»t*ptout; shock. 'I hc granule.s in the ina.st cells (M.l'.) are diminished in numlier, sinalier, 
and more faintly staiiu'd. 

Normal Hole of Heparin.— The facts presented make it likely that the 
mast cells normally secrete heparin into the blood to help maintain its 
fluidity, jiartly by jireventing th(». activation of ])rothrombin, but mainly by 



Flo. 78.- Action of Single Injection of ile])arin on Blood (lotting 
Time. Normal subject (weight -711 kg.). 

At the arrow; inject 5000 units of hejiarin iiitravcimiisly [I unit-O-OOO mg. of 
pure heparin sodium sail; 5000 units - 15 nig.|. 

Normal clotting time- 5-JO niimite.s. 

A hiood sain]}|4* witlidrawn l.'> minutes .'ifter the injection did not clot in .‘i hours ; 
a sunipl(! witlidrawn after :t0 minutes clotted in 00 minutes. The clotting time 
returneil to normal in about .‘t hours. (Argent, (iilliatt, and Slai-k. Mu/ifleurjc 
lloap, J., 1048, 4H.} 

neutralizing any thrombin that might be formed. When blood is shed, 
heparin is put out of action by the thromboplastins which are liberated from 
damaged tissues, so permitting the rapid conversion of prothrombin into 
thrombin and the subsequent action of thrombin on fibrinogen. 
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Use of Heparin.— Hepiinii can be cniployei] to keef> blood fluid in vitro 
for purposes of analysis or in vivo in various exfierimental conditions. It 
may be added to the donor blood in blood transfusions. 

Heparin may be injected intravenously in leases of commencing or de¬ 
veloped thrombosis, e.g. in tlie deep veins of the leg after operations, or in 
the coronary or cerebral vessels, in tlie hop<» of [ireventing the s])read of the 
intravascular thrombosis ; favourable clinical results have been reported. 
Fig. 78 shows that a single intravenous injection of 5000 units (-~45 mg.) 
of heparin produces a striking elTect on the blood clotting time ; samples 
collected after 15 minutes may havi* a clotting time which exceeds 3 hours 
(normal, 5 10 minutes). As heparin rapidhj disappears from tlie blood the 
(‘.ffects pass away in a few hours. In the case illustratcid by Fig. 79 rejieated 
doses of heparin produced a sustained and progressive increase in the clotting 
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Fid, 79.- Action of Ucpcatcd Intravenous Injections of Heparin on Ulood Clotting 
"I’iinc in Case of Venous Thrombosis. 

ru<* or*, r.l kn., ha<1 a rarciiioiiia of tlin rcctiun removed by the perineal route. On 

tin* fi^ditceiiUi (lav he eom|»laincd of pain in tiie rijjht ealf; thi re was pitting wdeina of the riglit 
ankle and deep calf 1ciiderii<‘ss, indiealing throinhiisis in the de(.‘i> ytdns of the calf, tleparin was 
given infraveiiouslv, g»*nerallv at four-hourly intervals (—30,0(10 units in all) in the first 24 hours. 
During the seeond 24 hours the total dose was 20 ,(M«i units. The blood elotting time (normal- 5-10 
minutes) was j»rogressiv»d.v raised to 25 mimit«-s. i.r, the hlootl was muvh U-hx couyulutde. On the third 
(lay only 5ooo units were inj(‘eted. Ueeovery was uneventful. (Argent, Oilliatt, and Slack, Middlenex 
Hasp. ./„ iiOS, 4S.) 


time. There arc, howevtu*, marked individual variations in the response 
observed ; proliably heparin is bi'st given clinically by means of a continuous 
intravenous dri]) transfusion, the amount administered being adjusted to 
maintain the d(\sired level of blood clotting time. Heparin therapy has the 
advantage over dicoumarol (p. 154) that its effects wear off quickly when 
administration is stopjied and so a dangerous degree of incoagulability of the 
blood can be avoided or soon remedied. 

Intravascular Thrombosis J— 'J'he pathologists use the word thrombus 
to describe a “ peculiar clot formed during life in the streaming blood ; 
the responsible process called tJn'omhosis is distinguished from the usual 
extravascular clotting, or clotting in wounds, or clotting occurring in the 
blood vessels after deatli. Fundamentally ‘‘thrombosis , like clotting , 
consists of fibrin formation ; Init there are differences described below which 
are due to the fact that the blood is streaming and not stationary. 

* Marple and Wright, Thromboembolic Condiliom ami their treatmetd with Anticoagvkinls, 
1960, Springfield, Illinois. 
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INTRAVASC PLAU THROMBOSIS 


Thromb()sis always begins by defwsition on the wall of a blood channel 
of nuiases of jdateletf; which grow by adhesion of oth(»r ])lat(‘lets as they flow 
by; the lamina* of platelets (which fuse together and lose their identity) 
stand out as layers running transversely to th(' blood stream ; passing leuco¬ 
cytes adhere to their borders (“ like flies on sh(‘ets of sticky flypaper ) 
(Fig. 80). The platelets liberate thromboplastins “ so that filaments of fibrin 
spread out from them on all sides and meeting with filaments from the next 


C A BA 



Fic. SO.- Structure of Tiitravasrular Tlirornbiis. 

The i»uk- translucTut laiiiiua; iir<i the fiistMl mn.ssc.s of j»hiteU*tJ5 (A). Tin* den.'ie layrr 
of deeply celln adlierent to the lauiina; are leucoeyte8 (B). Between the 

{ datelet lamiuu: is a tlbriii network eutauRlint; disinUr^ratiiiK r(‘d cells and some 
eiieocytes (C). Tert Bftni of Pathology, W. B. Saunders, Pitiladelphia 

and J.oridon, 1U4]). 


lamella hang in festoons between them.” The lanu‘llje of filatelets thus 
‘‘ braced together by fibrin ” entangle masses of red cells so that finally a 
solid mass of peculiarly constructed “ clot ”—in fact, the “ thromlms -is 
formed. (McCallum.) The red cells disintegrate and lose their hajmoglobin ; 
the initial red thrombus as it ages becomes yellowish grey ; but newly formed 
thrombi added to it will be red. 

Thrombi form most readily where there, is (i) local damage to the vascular 
endothelium, and (ii) slowing down of the blood stream, e.<j. in small leg 
veins {infra), on atheromatous patches in small arteries, on damaged valves 
in the heart, or in the auricular appendage in auricular fibrillation. It is 
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surprising however to find thrombi forming on the, damaged wall of the aorta 
where “ it might S(*(un that the pulsating torrent of blood would allow no 
chance for the deposition of pioneer plat<‘lets.'’ 

lh)ST-OrEKATiVE TfiKOMiiosis, THKOMBorHEKHiTis or Dkc^uuitus Tiirom- 
nosis.- -After surgical oy)erations (esp(‘e.ially those involving the abdomen) 
or childbirth, and in patients confined to bed for long jjeriods, thrombosis 
may occur in the leg veins : the condition is (*alled post-operative thrombosis, 
decubitus thrombosis (because the recurnlMUit [)osition is an imj>ortant causal 
bictor), or thrombophlelntis (because the thrombosis is accompanied by 
changes in the vein wall). The thrombosis sets in within 3 wet^ks of the 
operation ; it begins in the veins of tin* calf muscles and the f)1antar region 
and spreads u])wards, in some instances ascending to the jK)j)liteal, femoral, 
or even iliac veins.^ In a small proportion of cases of thrombosis fragments 
of clot become d<;tacln‘(] (c»/- 

and settle in and ob- 700 - 

struct the pulmonary vessels ^ S 
producing infarction of the 
lungs: solYn^tinK^s the cerebral 
vessels and rarely the c()roijarv 
vessels become blocked in this 

way. 

Mcclmnism of Decubilus 200^^ 

Thrombosis. —This condition ‘ 

is due partly to chang(\s in " 

the circulation and in the y^ " 

properties of the blood and sIIq ' 1 1 i 1 1 " 

part:Iy to local injuries to the 2 4 6 8 \o 12 14 16 18 20 22 

leg veins. day.*^ 

(i) The (UrcUilation in the Ki,;. si. Reintionsliip betwwn (’banges in Blood 

veins of tin*, legs and trunk Plaleb-t (’(.unt and •* Stickiness ” and the* 

(hut. not ill till- arms) is con- •■“t*"";;*'’'f TlLrombosis. 

, ,, , 11 ^ 4 . fJclcn ravJing \\ nglit.) 

Slderably sloWT.d down after -stirkino'.s" of in arbitniry units, 

o p r a t i o n s. '1' h e n o r m a I 
venous return de])eiids on 

rnustuilar contrac,tion and respiratory movements ; after abdominal operations 
the l(‘gs are inovt^d very little, and the movements of tin* diaphragm may 
be hampered by a tiglit abdominal bandage or by flatus or inhibited by the 
pain of the abdominal incision. Thrombosis is much rarer after operations 
on the upper part of the body. 

(ii) There are changes in tiie composition of the blood owing to the general 
tissue response to the trauma : (n.) Ihe plasma fibriiu^gen (*oncentration is 
raised ; this may increase the sedimentation rate* of the red cells (p. 173). 
(b) The platelet count is raised ; the platelets also become more “ sticky ” 
and so more liable to adhere to tlie lining of the blood vessids. There is a 
direct relationship between the e.xtent of these blood changes and the m- 
cid(*nce of intravascular thrombosis (Fig. Hi). 

(iii) Sepsis may be a factor ; thus most strains of Staphylococcus aureus 
produce a toxin which rapidly clots human blood. 

(iv) The calf veins may be damaged owing to the limbs lying 

‘ ISct^ li*geiul to Fig. 79 lor a clinical report of a typical case. 
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Fio. SI. Reintionsliip betwwii (’barigcs in Blood 
Rlalebd Count nnd Stickiness ” and the* 
imridcnce of Post-o])erative Thrombosis. (After 
fJelen Fayling Wriglit.) 

•• StirkiiiO'-s " of pl.itfU'Is ill arbitiviry iniits. 
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limply on the operating table or in bed thromboplastins are 
liberated locally promoting thrombin fonnation. 

Thf mode of formation and 


NORMAL CONDUCTOR 

MALE FEMALE 



.Spread of the thrombus was 
described above (p. M8). 

The use of htiparin and 
dicioumarol to prevent the onset 
or spread of thrombosis is con- 
.sidered on pp. 147, 154. 

Haemophilia ‘ is an inherited 
anomaly usually transmitted by 
females, who themselves show 
no symptoms, to males who 
manifest signs of the disease 
(Fig. 82). The condition is 
characterized by a marked in- 
creme, in the coagulation time. 
Blood should be collected for 
examination by venepuncture ; 
normal blood under these con- 


Fio. 82.—'I'ninsniission of Hjrniophilia by Con¬ 
ductor F(‘nial(‘ to H.'cjiiophiliac Son and 
Conductor Daughter. 

[j^-normal x chroinosonip, 

I ■ X chroinosiuiK* n*spoiisil.»lo lor haoiiiophilia. 

O--?/ diroiiiosoTnc, 

The sex chroniosoTues in ihv femab’ are similar in appear¬ 
ance ami arc lahellecl .r ami x ; in the niaW- tlie sex 
•rhroinosonies are x, eoinhiiied with a iniimte ami 
ne^litrihlc (’hroniosoine labelled //. The tU'tic respon¬ 
sible for hannopliilia is preseiil in the x chromusome ; 
in the ]»res*Tice ofariotlier normal x l■ll^>^IosoIne the 
gene acts as a rnvssin\ /.<*. the imiividiiu) lias no 
of invinopliilia (bnt can transmit the disease); 
certain constituents of tiic normal x ^•llrc»IllosuIne may 
lie responsible for this. When the oviiin of a con¬ 
ductor female UTidcrm»es its reduction division, the 
two resulting cells ditft'r ; one contains a noriiial x 
chromosome p. the otlicr a hamiophiliac x clironio- 
aorne At fert ilizatiou, if x of the ovum unites 
with X of a sperm, the otVsyiriiiii is a female if x of 
the ovum unites wilti y of a sjierin the result is a male. 
If a hauiiophiJiac x | (of a female) unites wdth a y 
(of a male) the liaunoptiiliae yjeiie on :r | is ww- 
anlagonized by a normal x ; ■ ami the resultant is a 
h(vrnophiliar Mm. If a h:emopliiIiac unites with 
a normal x the result is a I’omlnelor daufihter (who 
ean transmit the disease hut lias no siyins of it). 
Otfsprirm not containint: iKernoidiilijic x |ure normal 
and their progeny are normal. 


ditions (i.e. in the absence of 
thromboplastins) clots in 5-10 
minutc.s, while haunophiliac 
blood may take from 112 hours. 
S('vere bleeding occurs after 
injuries of any kind, even of the 
most trivial character. There 
is no tendtmey, however, to 
fipoittanevus htemorrliage, thus 
dLstinguishiiig the condition from 
[iurpura (p. 157). 

The abnormality responsibh* 
for hiemo})!iilia is proliably a 
d(‘ficit‘ncy of a plasma “ throm- 
bophnstin.’’ The following points 
should be noted : 

(i) The concentrations of 
fibrinogen, Ca*^ ^ ions, pro¬ 
thrombin, platelets, and heparin 
are normal. 

(ii) The patient's prothrom¬ 
bin is activated normally by 
.adding excess Ca^+ ions and 


tissue thromboplastins. 

(iii) Intravenous injection of IDO c.c. of normal blood (but not of haemo¬ 
philiac blood) shortens the coagulation time to about normal. 


(iv) Injection of Cohn’s protein Fraction 1 (p. 136) (containing fibrinogen 


» Howell, Bull. N.Y. Acad. Med., 1939, 15, 3. Minot et al., J. din. Jnveatig., 1945, 
24, 704; 1946, 25, 870, 876. Pavlov.sky, Blood, 1947, 2, 185. Craddock and Lawrence, 
ibid., 505. 
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and globulins) extracted from normal plasma but not from hwmo'philiac 
plasma has a similar effect. As the fibrinogen concentration of hjemo])liiliac 
blood is normal, a globulin coinjament of tlie added plasma or of Fraction 1 
is ju'esumably the active agent; likewise hicmophiliac, plasma clots normally 
in vitro on adding normal ])lasma free of plateh^ts, librinogen, or prothrombin. 

It seems that in iueniophilia a normal plasma thromboplastin is missing 
and that it is essential for satisfactory thrombin formation. Fresuinably 
this plasma thromboplastin is as.sociated with the globulin fraction. As a 
helpful measure to cope with local and accessible bleeding in tuemophilia a 
pre})aration rich in throm))oj>lastins (like the venom of the Russell viper) 
may be applied on a dressing at moderate |>ressure and usually produces 
satisfactory dottin g, 

Vitamin-K and Blood Clotting.^ .Vitamin-/\ is a comj)lex naphtho¬ 

quinone derivative which is i!idis]>eiisable for tlie .synth(*.sis of prothrotnbin 
by the liver ; in the absence of the vitamin the j)lasnia prothrombin concentra¬ 
tion is reduced, the coagulation time of the blood is correspondingly prolonged 
and serious ha3morrhag(*s may ()ccur. 

DiSTiniiUTioN AM) CuEMiSTKY.- Vitamin-7v is widely distributed in 
nature ; thus it is found in traces in greem vegetables, cereals, and animal 
tissues generally. It can be synthesmsl by many bacteria including those 
normally present in the human int(‘stin(‘ (c.q. H. coli) ; the bacterial flora 
probably proviih' an ade(piate supply of vitartiiii-/\ in man. Vitamin-7v 
deficiency from dietary abnornialiti(‘S is very rare in man. 

The formula of 1 : 4 naphtlioquinone (which contains an O atom at the 
1, and 4, positions) and the method of numbering the positions in the ring 
are indicated below : 



1 ; 4 napthoquinoiie 


I 



4 


Natural vitamin-A is 2-methyl-3-phytyl-l : 4 naphtho(juinone (Fig. 83). 
It is soluble in fat-solvents but insoluble in water ; it can therefore only 1)0 
administered by mouth or intramuscularly. xMany substances of related 
clnunical constitution with vitamin-A activity havi* been synthesizial. The 
most ])otent (with threi* times the activity of natural vitamin-A) is 2-niethyl- 
1 ; 4 naphtho(iuiiione ; it is interc.sting to note that a closely similar substance 
chemiiially (2-mcthyl-3-/i/ydroj^//-l : 4 na])htho(piinone (phlhiocol) )is almost 
inert biologically. Water-soluble analogues have also been prepared (e.g. 
4-ainino-2-methyl-naphthol-hydrochloride) which can be administered intra¬ 
venously. 

Absoki*tion in Intkstlne. —Absorption of vitamin-A from the small 
intestine only ocemrs in the jirescnce of adequate amounts of bile salts (which 
are also necessary for the absorption of other fat-soluble substances like 
vitamin-/) and the fats of the food (p. 798)). 

^ Butt and Snell, I’i/amdt-K, Philadelphia, 1941. Aluiquist, Physiol, lier.y 1941, 27, 
194. 





VTTAMIN /i: DEFICIENCY 


153 


improvement can he produced within 2 lumrs by iiitraremim injecticui of a 
water-soluble vitamiji-A" analogue. 

(2) The syridrouK^ of vit.ariiin-A" d<‘fi(*iency has been n*})ort(*d in cases of 
ulc(‘rative rolitiH. Tlie cause tiiay be (i) lailure of absorption as a lesiilt of 
the altered state of th(‘ intestinal wall and the associated diarrlia^a, or (ii) an 
abnormal statt* of the intestinal bacteria leadinj^ lo defective syntliesis of 



DAYS 

Fic. S4. Action of l»y ^loiitli witli and without Tiilc in 

(.'asi* of complete Olistrnctivc .Jaundice, 

\ • rtii al a.xis : I'rotJiroiuhin tiiia- ( noTWatt-a rIottiiiK tiiiur) iti bim.v o.»'. rlottiim 
tilin' or oxalati-d plasma altrr a»ttlim: Ca ’ ' ami 1 hroinlmplastiii. Oiiirk’s 
incthml). .Normal *jr» str. In this cum- of iihstrinlivt- jaiimlicr the pro- 
throiuhin tinn- «as 7o lOO av.v., (i.c. Our prothrombiu conoctitration was h-ss 
than of normal C’J- Vitamin-A', 200 mj;. ilaily hy mouth 

was iru'hcctivr ; luit vitamin-A' pft/s hitr hj mouth proilucrtl prompt 
restoration of plasma prothromhin lo normal. (iJutl and Snell, Mtamin-K, 
I'liilailelphia, lit4J .) 


the vitamin.^ The syntlroine may also occur associated with defective fat 
al)sorj)tion in sprue. 

(3) LiVEJi Disease. In acute and subacute hepatitis and Irequently in 
cirrhosis or rnaliguaiit disease of the liver th(‘re may be lailure ol prothrombin 
formation with the usual setpielte, hut the eondition does not respond to 
vitainin-ZiL administration by any route (Fic. 8b). This lack of prothrondun 
response has been used as a test, of liver eflicieney (ji. 831). 

(4) Hjemorkuagic States in Infants.^ -As already mentioned (p. 112) 
new-born babies commonly have plasma prothrombin concentrations wliicli 

^ Kark and Son ter. Lancet. 1940, ii, llfiO. , . , 

“ The. infant.s also Buffer from severe jaundice, marked anaemia, and widespreatl imleina. 
The rc'lat.jon of the vitamin lack to these other manilestatjons is unknown 
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DICOUMAROL 


are as low as one-third to one-sixth of normal; the deficiency is even more 
marked in [)rematiin^ l)abi(\s. Ilsiially the jdasma prothromhiii returns 
to normal during the second w(?ek after birth. A grave hteinorrhagic state 
lias been described in infants in whom for some un(*xplained reason the 
plasma |)rothronibin falls to l(*ss than 1% of normal. If vitarnin-A' is given 
in larg(^ doses complete recovery of the hlood may occur in less than 48 hours.* 
Dicol'MAiiOL.- This substance is related chemically to the najihtluxjuinone 
derivat iv(\s with vitamin-A" aetivity as is showm by a study of Kig. 8‘}. Because 
of this chemical resemblance, dicounuirol acts as an aa/i-Vitamin-yv by the 



DAYS 

Fid. 85.—Absence of Prothrombin licHponso to treatment with 
Yitamin-A" analogues in Aciiti; ne])atic In.miffieiericy. 

Casi- of acute yellow atrophy of the liver (acute lir-patitis), J*rothroiiihiu time. 
SO sec. (uoniial, 2r> see.) «*orresponOiiin prothrombin eoiurrntration of 
30% of normal. Treatment eonslsted of: 

(j) Intravenou.s injectioii of 0 e.c. daily of a wutcr-soluhlc vitamin-A' 
analogue (as shown by the. upi»er arrows) for days. 

(ii) 2 iiig. Of 2-metliyl-i : ■l-naj»btboi|iiinone daily by mouth for the la.st 
3 days (lower arrows). 

'I'lie condition steadily got worse. Crothromhin time rose to lor» st‘e. 
(=:-prothromhiii concentration of under 10V„ of normal), before ileatli 
occiirnMl. (Kark and Souter, Lancet, 1!»40, ii, Il.'^»n.) 


method oi ,suhslrale. competition (cf. ji. bOP). It is thought tliut in the livt*r 
dicoumarol replaces vitamin-A at tin* latter’s normal site of action and thus 
prevents the vitamin from carrying out its normal physiological function. 
As dicoumarol cannot be utilized by the liver in the synthesis of prothrombin, 
the syndrome of vitainin-A deficiency develops, i.c. tlu‘ plasma prothrombin 
level falls and lilood coagulaliility is df^firessed. In this w'ay dicoumarol acts 
as an anticoagulant, hut only in vivo. Jt is active by mouth and one dose 
may produce, an effect lasting for a wn*ek or mon*. (Fig. 80). J')icoumarol 
has been used clinically, ejj. in phlebitis and coronary throniliosis. As the 
action of dicoumarol is so jtrolotufed, repeated doses may produce a cumulative 
effect: the plasma prothrombin may fall so much that dangerous haemor¬ 
rhages may occur.* The drug should, therefore, only be used where there 

^ Dam, Tage-Uansen, and Plum, Lancet, 1939, ii, 1157. 

* Thorson, Lancet, 1947, i, 420. 
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are adequate facjilitics available for accurate fre(|uoiit determinations of the 
plasma j>roihromhiu level and for blof)d traTisfusion.' 

Blood Platelets.- The red marrow contains f^iant cells {nuyakaryocytefi), 
which may attain a diameter of 10 // and contain an irregular ring of lobed 
nuclei. These giant cells throw out |)seudoj)odia whicrh pass through the 
wall of the sinusoids and constrict olT ])art of their substaiUM? to form tlie 
blood j)latelctvS (ihrornhocytes). With Leishrnan’s stain, the platelets appear 
as round or oval bodies 2-5 // in diarneOu-, with faint blue cytoplasm and 
distinct reddish-pur^de granules. If the stain is precipitated on the granules 
an appearance simulating a nucleus is produced. I’he normal platelet count 
is 25(),(K)0 oOOjCKX) per (Miim.*'*; in disease conditions lh(‘ count varies as a 



Kkj, 8(5.- Action of Dicoumarol on Plasma Prothrombin (Vmcentration. 

Vertical axis; plasma prothrombin concentration. 100%--normal concentra¬ 
tion; lowfjr values-lower concentrations and l.licreforc prolonscd clotting 
time. The en'cct.s of taking by mouth (>'25, O-f), 0-7.5 and l-Og. of dicoumarol 
arc shown. (Redrawn from Jiehniann, Lancet, 1042, i, 318.) 

rule with the number of giant cdls in the hhI marrow.** fhc'.y are thus in¬ 
creased in myeloid leuka*mia or in Hodgkin’s disease (where they may exceed 
one million ])er c.mm.), and are diminished after large do.ses of X-rays, which 
destroy the marrow, or in severe infections ol the marrow. The duration of 
life of the platelets is a few days. 

The platelets are destroyed in the sflecn ; after splenectomy their number 

1 B\iTi vi aL, Bril. vied. ./., PMVl, ii, 1250, have reported the results of clinical tests 
with bis-3, 3- (4-oxy eoumarinyl) ether acetate (B.O.E.A. ; trade name “ tromexan ”), 
a new coumarol suhstaiiee whi<1i has the advantages ol acting more quickly and being 
excreted more quickly than dicoumarol. Its use, however, requires the same rigid 

lahoralorv control. , . . ■ i ..v i 

2 A platelet count is carried out as follows : Hie greased skin is punctured through a 
drop of sodium citrate solution which deeaJeifies the blood and preserves the platelets. 
Th(; blood is 1ranst(‘iTed to a small waxed test-tube containing citrate solution with which 
it is thoroughly mixed. A drop of the greatly diluted blood is examined under a cover- 
slip on a glass slide, and the ratio of platelets to ri.‘d cells is determined by counting 
100-200 platelets and the red colls in the corresponding fields. The red cell count is also 
determined in the usual way. 11 the red count is 5 million per c.mm., and the red cell- 
platelet ratio is 10/1, then the platelet count is 500,000 per c.mm. 

“ In thromhoevtopenie purpura, there may be few megakaryocytes m the marrow 
corresponding to the low platelet count. Sometimes the number of megakaryocytes 
may he normal; but the cells are then mostly immature and fail to form platelets. 
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increases, although only temporarily. In conditions of splenic over* 
activity (hyperspienism, f). 221>) the phitelets may almost disappear irom 
the circulation. Tlic plat(‘let count is incnuised after all forma ot trauma 
(p. 149). 

Functions. (1) When blood is shed the platelets disintegrate and 
liberate a thromboplastin whicdi is concerned with the activation of pro¬ 
thrombin to thrombin (p. 14*2). If a iilni of clotting blood is examined, it 
is noted that tilament.s of lihrin radiate from tlie vicinity of altered platelets. 
Hut the platelets are. in no wav imlisptmsable for blood clotting ; thus the 
number of the phiteieis is uiialten'd in hjenH)philia, but the coagulation time 
is greatly prolonged (p. IbO) ; in purpura, on the other hand, tlie platehds 
may almost disappear from the blood, but tlie eoagulation time is within 
iiormal limits (p. 159). 'I’his latter observation iiidicatt^s that excess thromlK)- 
plastin is normally available in wounds from darnag(?d tissue and the plasma 



Ftc. S7. Hc.itponso of’ Ifiiinaii Capillarios fo Puta-fiirc'. 

A. ..Normal capillary l(iup.s in the nail-hcd of the huiiiaii The arrow indicate!! the approviniat*- 

patli of the iicc<lle, 

li. The punctured capillary has disai)pearcd as a result of contraction. (Macfarlam', Quart. ,/. Mnl., 
not, JO.) 

itself. The platelet count is liowevcr r<*lated to the degree of clof reintvlloh 
(p. Ib9). 

Tlie role of the platelets in the initiation of intravascular thrombosis is 
fully considered on p. MS. 

(2) Diiniijutioii in tlie numlicr of the platelets (thrornlx^penia, thromho- 
eytopenia) is oft en associaitMl yvitli purpura ; the significance of this obst^rvation 
is discussed on p. 159. 

Haemostasis. .\s pointed out on j). 139 arrest of bleeding (haemostasis) 
does not depend excliisividy on coagula tion of the blood ; conditions of severe, 
apjiareiitly *' spontam*ous,'’ luemorrhage may oc(mr clinically altliough tin* 
coagulability of tlie blood is normal. Haemostasis depends in part on apjiro- 
priate vascular responses at the site of injury. Tf tlie skin is punctured (ejj. 
wdth a needle) a numlier of cajiillary loops are damaged ; “ 11 ” substanc(‘ 
is liberated locally (p. ‘525), dilating the affected ve.ssels, and Ideedirig takes 
place. After a few s(*coiids the damaged vessels (eoiistrict (as seen when they 
are examined mirrosc()])ically) and disappear from view (Fig. 87) ; bleeding 
(biases jirincijially because the vessels have contracted. Under the conditions 
of tliese experiments tin; arrest of bleeding prec(jeds Idood clotting, for, as has 
been pointed out, accelerated blood clotting ” in vitro (in the presence of 


h^:morrha(;ic states 
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oxccss ciilciuiii ions iiiid t hroiiiboplastius) t-jikps 12 25 si^coikIiS * without 
such additions shod capillary blood clots in J 2 ininiitcvs. The damafjed 
capillaries remain shut for 20 miniiics to 2 lioiirs : during this p<‘rif»(l the 
blood that esciipcd initially lias ample time to (*Iot. and th<‘ clot can become 
tough and firmly secured to the wound. Direct (*xperimcnt in man shows 
that contracted capillaries may resist distension from internal pressures uj) tr> 
about JUG inni. Hg (p. 522) ; they cfin thus withstand the pressure in the 
neighbouring arO'rioles and small arteries. When the eapillarv eireulation is 
finally re-est-ablished resumption ol‘bleeding is |)n‘vented by the fornuMl elol. 
If the edges of the wound Intve in the nuNintiinc eoine tog^'tluu' (oving tn 
drying of t he exudate further security against inemorrhage is obtained. 

Haemorrhagic States.— 'Fhe preliminary discussion (above) suggests 
that clinical hamiorrhagic states may be duetto (i) defective blood clotting, 
(ii) dele(div(‘ cajnllary contractility, or (iii) the combined defects. 

(i) In cases of defeHtve Jdood coagulation a firm clot is not. formed following 
an injury during the jxiriod of capillary eontraetion. When the eapilla.ri(*s 
finally open uj> once more, oozing will r(‘eommence. and can only he controlled 
by nu'asures, either ger\eral or local, that restore blood c()agidaV)iiity. 
(diiiically, failure of coagulation may be due (a) (very randy) to lack of lihrutogcn 
(p. 110) ; (b) to decrease of prothrombin (p. 151) ; (c) in lia'mophilia, owing 
to lack of jdasma thromboplastin (p. 150) ; {(/) to lack of the lesser-known 
factors concerned in thrombin formation (p. 114). In these (dini(.*a] states 
luemorrhages may occur anywhere in the body ‘‘ s]>ontaneously ; it must be 
supposed that the capillaries in many regions are constantly being exposed 
to trivial and unnoticed trauma and that the resulting tiny blood-h^aks are 
normally elfectively seahvl off. But wlieii there is decreastal blood eoagula- 
bilily from any cause the normal harmless leaks become noticeable or t>ven 
dangerous luemorrhages. 

In iia-morrhagie states (joagulating agents applied sufficienthjfirmly on the 
bh'eding area, may be usediil temporarily ; v.y. throm])oplastins in haMiiophilia 
(|>. 151) or Jietive preparations of ihronibin. The dressing may consist of 
fibrin slnads or foam whhdi do n(»t need removal and are absculu'd during 
healing. 

(ii) Defective capillary ruutraetility. -The clinical condition in wlii(di the 
capillary abnormality results in bleeding is known as purpura, which must 
now be ccuisidcred. 

Purpura.*- This is a condition witli normal blood coagulability in which 
tlicre is a tendency to “ spontaneous " ha;ujorrhages, usually beneath the 
skin, from the various mueiuis membranes, and in internal organs. Bur]>ura 
may be symptomatic or primary. Symptomatic purpura may rc'sult from 
various infectious {e.y. infective etidocarditis, typhus), from v(*ry many drugs 
in siisceptibh^ subjects (e.g. iodine, bismuth, ergot, quinine, sedorrnid), and 
in (‘achectic states (e.g. cancer). Primary (idiopathic) ])urf)ura occurs most 
often in children, has no constant associations with other maladies, and is 
(occasionally congenital or liereditary. Severe })ur})ura with luemorrhagc^s in 
the skin and from mucous membranes is called P. hamorrhngica. 

In purpura the blood coagulation time is, as stated, normal ; but there 
is clear evidence of an almornud state of the capillarg ivall. The following 
tests are used. 

* \V5iitl)y and lirit toii, Dist'.ojses of the. Bloody t>t)i (^dri., lUnO, p. 33t). 
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PURPURA 


(1) Oapillarv Ke81stanoe. —If firm pressure (ejj. by inHating a blood- 
pressure cuff at (>() Him. fig for 2 minutes) or a suction force (e.q. l>y the 
negative pressure used in “ cupjiing is applied to the skin, the local (and 
sometimes the distal) (•a}>illaries leak blood leading to the apf^earance of a 
crop of minute ha?morr]iages (petechur) : this abnormal response is ('vidence 
of diminished resistance, (increased “ fragility '’) of the capillary endothelium. 

(2) BLEEDiNir Ttme. -The oar is pricked and the escafiing blood is wash(*d 
away with saline or drhnl evt‘.ry 10 or lb seconds with blotting pa])er : 


A B 



Fio. S8.—J)i.storie<I Capillaries and thrir Response in IViiiiary 
(AthromboeytojKinic) Purpura to Mi‘edle Punc!ture. 

A. Note the abnormally formed raiiillar}' which is beiiiK piiiirtiired 
(needle track shown by arrow). 

b. Immediately after puncture ; bainjorrhatre is Uiking jdace from the 
arteriolar limb of the capillary ; the capillary has not contracU'd. 

Two minutes after puncture. 

n. Five minute.s after puncture. During C and 1) blood had h(‘en escap¬ 
ing continuously from the needle track. Note that no capillary 
contraction has occurred. ( After Maefarlarie, Quart ../. Moit., J lU 1. 10.) 

normally bltMuling ceases after 2 b minutes. Under tln‘se conditions no 
blood clot can form locally and arre.st of bleeding deptmds exclusively on 
capillary contraction. In purpura the damaged (^ajiillaries fail to close and 
thus bleeding may continue for 10 20 minutes or even longer. 

(3) Skin Microscopy. —Examination in castes of priwartf jmrpura reveals 
that the skin capillaries are very irregular and distorted in form, sometimes 
branching ; after puncture these vessels remain patent with the result that 
free bleeding proceeds from the needle track for several minutes (Fig. 88). 
In symptomatic purpura the capillaries are anatomically normal but (because 
of the presence of a toxic agent or other cause) they do not contract effectively 
in response to injury. 
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Tlif* facts just ])resented indicate the inij)ortanc(* of the capillary defect 
ill producing the h;enioTrhag(‘s of purjmra. FVolwibly the capillary changes 
are localized, thus accounting for hh‘.eding from restricted jiarts (c. 7 . skin and 
uiucous menibrant's). 

Relation ok JiLo«)i) I*latelkts to Pukkltha. Tn many cases of |)iirpura 
there is a reduction in the platelet (lount (thromhonftopenir j)urf)ura) which 
may be mild, c.//. down t<» 5U,0(I0, or severe, c.//., down to 10,000 or even 
1000 per c.rnm. ; in some, (‘ases, how(‘ver, the ])Iatelet count remains normal 
{athromhocfjt(f'pemc |nirpura). With low |»lat(‘let counts tbough the coagulation 
time is normal, tin* clot that is formed is soft and friable, does nor retract 
well, and is doubtless a less satisfactory bung for damaged capillaries.^ It 
is ch*ar, how<iver, that a low' j)lat(‘let 

count alone cannot be re.sjionsible for ^ ^ 





the initial occurrence of liamiorrliages. 

The injection of agar stunim into an 
animal greatly reduces the f)laiel(‘t 
count, but does not [iroduce ha inor- 
rhages. The bleeding may (;ease in a 
severe case of ])urfMira sevf*ral days 
before tin* platelet eounl rises, ami 
tin? ])latei(‘ts have he(‘n known to 
disappear (dinically from the bhmd 
without luemorrhages oc.'curring. It 
is possibhi that in some eases of 
purpura enough platelets “ stick" on 
io tin* wall of djmiag(*(l capillaries (as 
tiiey “ stick ' on to any injured 
einlotln*lium, j). I b''^) to lowej- the 
count in the perijdieral blood ; ultt‘r> 
natively tlie factors resjxiiisibh*. for tin* 
capillary abnormality may In*, inde- 
pendently destroying the platelets. 

Thus in “ hypersplenism ” there is 
clear evidence of excessive platelet 
purpura (p. 229). 

Splenecto7ny cures about 70% of cases of sev<*re thrombocytopenic^ 
purpura. The platelet count usually rises, l>ut do(\s not run parallel with 
the arrest of the hamiorrhage. It has been suggested that the spleen may 
in some unknown way be resj)onsible for the cajiillary abnormality as well 
as for the thrombocytopenia. 

Local bleeding in purf)ura can be (controlled by firm pressurt* which closes 
the damaged (^a[)illaTi(*s and [lermits clotting to occur locally. 

Hasmorrhagic TELANGiEcrrASis.—This rare condition is an interesting 
example of a hiemorrhagic state unquestionably due entirely to a localized 
capillary abnormality. Th(^ (‘.sseiitial lesion is the telangiectasis or group of 


•.L»' 


Ekh. SU.—I^es})()n8e of Capillaries in 
('Oiigenifal Tt^Jangiectasis to Needk? 
Ikuicture. 

A. iJrratly dihiled capillary loop forniiuK a 
t(‘l!mgk‘cta.sis ; arrow shows needle truck. 

15. L.vteiisive hwinorrhape from needle trairk 
which eventually had to be arresU^d by 
Ijressure. (After Mucfarlane, Quart. J. Mrd., 
m+l, 10 .) 

destruction, oft(‘n ussoi’iatinl with 


^ Normal blood is allowed to clot round a glass rod and is then kept for ono hour at 
37® C.; when the (jIoI adherent to the rod is removed, 40% of the original volume ol the 
blood is left behind in the form of serum. When the experiment is repeated with blood 
from a case of thrombocytopenic purpura, the clot formed is soft and watery and w’hen 
it is removed on the rod only a small volume of serum is left behind. 
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DEVELOPMENT OF RED C^ELLS 


dilated capillaries in the skin or mucous membranes ; these do !iot react to 
stimuli which affect normal ca[)illaries. Profuse* bleeding follows rupture of 
these vessels (Fig. 89). 


DEVELOPMENT AND PKoFERTIES OK THE RED BLOOD 
COIU^OSCI.ES. NORMAL BLOOD STANDARDS 

Development^ —1\ thk lO.MHiiVo. In the early embryo, blood formation 
takes ])laee first in the mesoderm of the yolk sac (tin*, area vasculosa) and 
later in the body of the feetus. 'fhe mesoderm e.onsists originally of a syn¬ 
cytium or nucleated mass of }»rotoj)lasm without cell outlines. The syncytium 
differentiates to give rise to a network of capillary vesstds lined by endothelium 
and containing jilasma (which is formed by liipiefaction of the cytoplasm). 
Erythropoiesis takes place intmvascularhj : in places the endothelial cells 
proliferate and differentiate to form masses of nucleated ha*moglobin-bearing 



Kk;. no. Krvtlirupoiesis in tinitiaii Kint)ryt». IJlooit v(‘ssrls in y(>lk-sac lull nf 
nucleated erythmblnsls. ((lilmour, ./. i*ath. 1940, 62.) 

(■(‘Ms which fill and distend the capillary lumen (Fig. 90). These (m*1Is become 
free and circulate in the, blood stream and finally lose their nuclei to give rise 
to non-nucleated discs. The nucleated red cells disappea,r completely from 
lh(‘ blood about the mi<l<lh* of fVetal life. AfUu* the third month of fetal life 
the apleen and esy>ecially the lirer are the most important sites of intravascular 
blood formation, nucleated led (^(ills developing fr<>m t-he endothelial lining of 
the blood channels. .About the middle of fetal life, the bone, marrow begins 
to act as a blood-forming organ, tln^ function b(‘coming progressively more 
imj)ortant as erythro|)oicsis in the liver de.ereast^s, so that, the marrow is 
normally the sole reyion where red cells are formed after birth. (The white blood 
cells also deve]o[) mainly in the* red marrow, tln^ granulocyt.es being formed 
exclusively th(;re.) Occasionally in a<lult life when the marrow cavity is 
nearly obliterated by sclerosis or other diseases, the. s}»leen and liver again 
become im]:>ortant sit(;s of blood formation. 

Bone Marrow. —(1) DiSTKrnuTJoN. Bom* marrow may be yellow or 
red. Yellow marrow’ consists of fat cells, blood vessels, and a miniitial 

^ Rlaokfan, Diamond, and J..cistcT, of Bhod In (.HiiUroi, N.V., 1944. Jsraolw, 

Atlas of Jione Marroic Fathnlogy, lAmdoii 194S. Giliuoar, J. Bath. HacL, 1941, 62^ 25, 
Jlacie,./. din. Path., 1949, 2, 1. Loitner, Hone, Marrow Biopsy, [.london, 1949. 


BONE MARROW 


framework of reticulum cells um] fibres in m/ nnirrow num<-i ous blood cclh 
of all kinds and their 'precursors (ertfthroid and tnyeUnd “) are present too. At 
hirlli all the bones arc tilled throughout their length with highly cellular red 
marrow. With increasing age the marrow becomes more fatty, the process 
setting in first in the distal bones of the limbs (tarsus and carpus), limn m 
the intermediate (tibia, fibula, radius, ulna), and finally m the proxinm 
bones (femur, humerus) (Fig. 91). K\. the age of twenty all the marrow ol 

the long bones is yellow except, for the u[.|.er end of the lemur and hiimeru.s 
In the adult, red marrow- persists mainly in tin- verti-bra-. sternum, ribs, am 
bones of the skull and pelvi.s. There is obviously ample room in the long 
bones of the adult, for eonsideral.le expansion of t he red marrow. ( hildren, 
in relation to their weight, have relatively more red marrow than adults 
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Km Cliatiues ill l!e.l Bone .Marlow will. .Age. (tVliilhv and Brillon. 

liisonhrs of the lilood, fith. V.m. (^hun lull.) 

lit I 1. ill of llif n*tl marrow «»rililffrciif. hritit'.'s with titlvanfint; 

rv.'.'" '‘l i .1 l!l.hla ana alaa. Tla. rurv,. for IVmur -aS„ 

imna.ru '! tlw run'r lor vort. l.n,- also ,K lvis. n«i-„ .logn-,. ol ..Hlnlanl.v a. larth. 

but little re.s,.rve space on which to draw if nei-ded : in times of stress, e.r/. 
in fibrosis of the red marrow or after severe Inemorrhage blood lorma ion 
niav take place in other regions, (■.(/. liver and .sjileen. In adults, examinatum 
of .samples of marrow as|)ira.Ual from the .sternum or iliac crest during hie 

I l{et.ieiiliiMi <-ells are 101111(1 in the aihilt in Iym))li nodes. s))]eeii, hone iimridw, and 
si.la.u|.ai" In the ...lieseenl stale they form a .syncytium i.nd are closely 

associated with retieullini tihres. also called ar<jffinplul lii.res heeause they reduce am 
ir . m stain,M i;rsilv<-r salts. The framework of hone marrow, l,ym,,h males, and 
snienie imii. eonsisis of reticulum .ells and tilire.s. When apiiropriately .slimiilaled the 
cells dilfereutiate atmg i arious jiaths : as explained ..n p. 1 they give ri.se to l« ' 
cursors of all varieties of while cells. I.e. myeloblast, lympliohlas am I ' , 

workei-s who heheve thal red cells also develop .'-S 

retieulum cell as the precursor of the red ee senes too. 1 II stiimilat.. ly > V* J 
retieiihim cells proliferate and give rise to ei-lls wliieh wander m the tissm. (.iml .in th 
fiillrd injH-rnpliatirs, l)is1 iocvtcs, or wamloriiij' t-olls). .,,. 4 - ,, Iiliwwl 

‘ Iltpinatopoictiia rorniHtiou ol blood rrlls; lp.uvajion:,st,s on a lo ^ 

cells ; gra..„lo,Jol, formation of granular white eeUs ; ergt/o op<»c.s s 
blood cells; crythroid eells-red cells and their preeursots (also called (olkdiiily the 
erythron); myeloid cells=white blood ceUs and their precursors. 

6 
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BONE MARROW 


l^ivos iiiucli infoniiatioii about \\w statu of marrow activity. Post-rnortum 
t he sternum, a rib or a vertebra is examined when diminished marrow activity 



Fig. 1)2.— Sinusoids of Bono Marrow. S(*otioii 
of Hypoplastic Bono Marrow (Pigoon) 
injected with Indian Ink. 

'J'hreo Vfiuous siuuaouls (V.S.) an* illlod with tin* injrction 
mass; extending )ietween them are collapsed 
sinusoids marked by fine lines of' particles of carbon 
between double rows of excessively thin endothelial 
(*clls. Ureticulum cell. (Doan, ('imiiingham, and 
Sabin.) 


is suspticted ; the shaft of a long 
bom* is generally studi(*(l wh(‘ii 
(‘vidence of extetision of hauna* 
topoiesis is sought. 

(2) VASriTLAR Akkanokmknt. 
The nutrient artery of the bone 
Int^aks up into smaller branches, 
which lead to a network of inter- 
C()riimunicating sinvsoids. Thes(* 
vess(‘ls are lined by a thin endo¬ 
thelium (like capillaries elsewhere) 
but whim dilated have the ca[)acit>' 
of large veins. Many of the sinu¬ 
soids under normal conditions are 
com]>letely collapst^d and quite 
impermeable to blood ; they can 
only bii demonstrated when the 
cellular el(*ments of the marrow^ 
have disapp(^a^ed (r. infra), Tht^ 
injection of Indian ink into the 
nutrient artery t.h(‘ii revefds these 
vessels as minute black streaks 
lined by very thin endotlndial 
cells between e.very few' fat cells 
(Fig. 92). Other vessels, however. 


are widely dilated and tin- blood flow through them is in consequence very 


slow. Some authorities I elieve that the collapsed sinihsoids an* the site of 


MATI'RATION" I\ KHYTHKIK'YTE SEU1K8. 

KkV Ti) Pr.ATK n. 

1. Early uonnoldast \ m.ejjnlohlaf(t], 

2. Intermediate normoblast \ erylhroblast\. 

Late normoblast ( nx)rmoblast \, 

4. Eolychrornatophilic erythrocytes or polychromnlocyles : yiMiiig <M vthrocvtcs, .still retaining 
.some of the ba.sfjpliil staining reaction us well as the reddish laonioglohit) backgrouiKl. 
T). Punctaie basophilic, slipplhnj^ with black or bluish granules in the cells, 'rhis is usually 
seen in severe aruerniA and in toxic disturbances. 

H. Hypochromic erythrocytes : cells often have cuily a ring of h;mnogh>bin at the periphery, 
and are usually small. 

7. fVxfio/ rings: remnants of nuclear nieinbrfirie appt^aring as circles or figures of eight 

in the e(‘lls. 

8. llowell-Joily bodies : nuehvir remains of varying size st aining dark blue or black. 

9. Reticulocytes : young erythro(!yt€?s, staining with a vital dye such as eresyl blue. 

10. Normal mature erythrocytes [normocyled], 

11. Macrocytes and microcytes : cells larger and smalltw than normal. 

12. Poikilocytes : i^ells of ahiiormal shaj)e. 

13. Sickle cells : in sickle cell amemia the siekh* shape is produced by <h*j)riviiig susceptible 
fresh cells of oxygen or (?x}K)sing them to carbon dioxide. 

R<‘prodiice(l from Plate 1, Jllackfaii, Diamond and Leister, Atlas of the. Blood, 'Die Commonwealth Fund, 
Jiew York, 1944. 
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ERYTHROPOIESIS 
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erythropoiesis and tijerefon* (“-all thoni eriffhro'poietic capillaries. If this view 
is correct then crifthropoiesis thrnmfhoal life is ififrarasciilar. Most worktTs 
claim on inorpliolof^dcal f;rounds that iii Jiian erytliro]>oiesis in tlie red 
marrow is ej'lravascuUtr, the red c(‘ll pn‘c.in‘sors hein^ the reticulum cells 
(p. ]()1) ; hilt they do not explain liow tli(‘ n(‘wly forimRl, non-motile leii 
cells mij^rate to, and pass throujrh, the inta(*t endothelium of tin* marmw 
sinusoids, '.riie site ol ervthroj)oiesis [irohahly varies with the speci(‘s (infra). 
(Leucopoicsis is always e.rlrarasrnlar (]>. 2ir»).) 

(3) Funi^'ioxs of thf IIkd Mahuow.—T hesii are (i) development of 
red blood corpus(‘l(‘s (infra) ; (ii) devidopment of ^rrfijiulo(*ytes and to a 
less extent of monocytes and lymjihocytes (p. 215) : (iii) de.velofiment of 
hlootl platelets (]>. 15;)) ; (iv) destruction of red cf*lls by macrojihai^es which 
constitute part of the liniii*' of the blood sinuses (and arc thendbre also call(‘(i 
iittaral cc\h (\). 1S7). 

(4) Kxpkiumfntal Metrods of Study.—N ormal n‘(l marrow contains 
many types of c.ells wliich are so closely crowded to^etlier that a study of 
their inter-relationship is very dillicult. 'Po facilitate interjiretation of the 
microscopic appearam^es the marrow is artificially simplified. If a pit/eon 
is starved lor 10-17 days all tht‘ cellular elennuits disap]R*ar Irom the red 
marrow, wliicli now resembles normal yellow marrow. When feedinjj: is 
resumed erytliropoiesis soon rc^commences and can be studied satisfa(.*t,orily. 
After a longer inlcu val granulo])oiesis begins again. 

(5) CvTOLOOiCAL Methods, (i) Smears of living marrow and blood (‘ells 
may be stained (vital staining) with Janus griaui and mmtral r(‘d ; the former 
stains the mitochondria and the latter tlie cell granules, (ii) Fixed marrow 
seiitions, marrow smears or blood films arii staimul with eosinate of methylene 
blue (Lcishinan's stain), to show nuclear details and t in* basophilia, or (‘osino- 
jiliilia of the cytoplasm (see Flate 11). (iii) Living erytliroiJ cells may also 
be staimnl w ith cr(*syl blin^ to ilcmonstratc the, ])r(^sencc of a reticulnm in the 
cytoplasm (|). 1()5 and Flab; 11). 

Stages of Erythropoiesis. In certain species wdn*n rt‘d ctdl formation is 
actively taking jilace many of the marroYv sinusoids whitdi were previously 
patent become collaps(*d ; the local blood liow is diminished , and this intensifies 
the anoxia which in turn favours erythropoiesis (cf. p. F.U). The cndotluilial 
lining of tin; collapsed ca|)illari(*s b(*com(;s swoll(*n, differcntiati's and divides 
repiaitedly to give ri.s(* to increasingly mature red cells wdiich fill tin; sinus 
c()mj)let(*ly ; the young (;ells lie externally near thi‘ lining of the sinus, and the 
more mature cells lie in the centre!. The surface meni]>ranes of the immature 
nucleated red cells are “ sticky," so t hat the cells adlnu-e to one anotln*r, 
forming a solid mass. As the c(‘lls become mature and lose their nuclei the 
surface membrane is alt(‘red so that the. corpuscles Ix^gin to sejiarate one from 
the other. Tin; plasma then percolates bctw'(*en the cells, which are finally 
swept out of the erythropoietic capillaries into the veins of the marrowy and 
so into the general circulation. 

The account of ervthrojioiesis given abov(* is based on studi(;s of (;x{)eri- 
mental animals ; but as already mentioned erythrojioi(*sis in man probably 
takes place extravascularly from the transformation of reticulum cells. 

There is, unfortunately, no internationally accepted terminology for the 
intermediate forms bet ween the einjothelial (*ell and tlie mature erythrocyte. 
The current British terminology (which will be used in this book) and that 
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‘ I )<M viMsorrs tcriiiinoJijj'y ((‘f*. Kijr. JjO). 


Tlio British workers use tlu* ttuiu enjUirohlast to iiifhul<‘ alt nucleated reil 
cells, normal and patboloeical ; they nsstrict tlui term “ me;^ndol)last " to the 
chanicteristic iiucleuted red cells found in the marrow in cases of pernicious 
ana'inia. Normal eryt-hropoiesis is ca.lle(l tiormahlasfic ; the type of erv'tliro- 
poiesis found ii\ pernicious aiuemia is calle<l tacf/u/o/Vus/Zc (p. IlMi). Cell stugtLs 
Jl, HI, and 1\ in the red marrow of pernicious amemia arc called eadtf, 
infcnat'flitife, and A/Zc uaufahthlads. 

The Taljle shows that most- of the nucleated erythroid cells in the marrow 
are the later, more mature forms (iuUTinediate and late Jiormohlasts) which 
arc normally being steadily transformed into erythrocytes : in tinu's of stress 
the final f)rocess of maturation is spe(‘ded up heading tn the rapid dischargt* 
of young red cells into the circulation. 

Cytology of Erythroid Cells (Plate 11 and Fig. 93). Ju general, 
developing marrow cells (myeloid or erythroid) show the following ehauges : 
the cells decrease in size and tln^ cytoplasm becomes r(dativ<*ly more extensive ; 
iiucJeoli disappear ainl tin*, chromatin becomes ])rogressively eoarscu-; the 
cytoj>las!n becomes less basophilic and the pigment or granules characteristic 
of maturity appear. Developing rc<l cells stained with Leishman s stain 
present tin? following appearam-e : 

(1) Si’AOK 1, PiioKKVTiiKcmLAST (!VIeo aloblast). Tliis early cell, which 
is d(‘rived from tin* emlolh(^lium, is large (diameter 15 20//) ; the cytoplasm 
is a deep viohit-blu<i and there, is a small crescent, showing paler staining, 
round the nucleus ; the c(?ll is devoid of hamioglobin. I’he nucleus is large 
(12 //) oc(;upying about three,-(iuarters of the, cell volume and the chromatin 
forms a fine, stifjpled r(?ticulum and contains several nucleoli ; it <levelops 
into the early normoblast. The ]>roerythrobIast only show's mitosis in states 
of stress. 
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(2) STA(iK II, Kakly Nokmohlast (Early Ekvtitroblast). This rdl 
is s<)ni(‘wln.t siinllcr iiiid shows a(*tiv<* mitosis ; the iiucleoJi liMve flisiippeRrcd 
juhJ the chroniMtiii network is fijie and shows a few nodes of condensation. 

STA(iK HI. InTKHIMKIHATK IS’ORMOHLAST (JjATK KkV'J'HKOIJLAST). The 
cell is still smaller (diameter H) 15 //) and shows active mitosis; tlie. restinjr 
nucleus shows rurtlnu* condensation of tin* I’hromatin: luemo<th>l)in is 
hejiinnin^ to appear, its (‘osinophil staininj^ fh(‘ cvto|)lasm a poly¬ 

chromatic appea.raiic(‘. 

(4) Sta(;r IV, ijATK NoKMCHtLAS'j’ (^ioiLMom.Asr). Tiiis cell r(‘|)resents 
a. maturation of tin* ])revious staj'i* ; mitosis has n(»w ceased ; t he cell diameter 
is 7 K)// : the nucleus is small, tlie cond<‘used chnunatin assuming a “ cart¬ 
wheel ” appearance and finally becoming uniformly deeply stained (pffhhotiv). 
The hjemoelohin accumulai.(‘s to its 
maximum level, tln^ cytoplasm Ldvin<z 
an eosinophil reaction as a n*sult. 

Pvknosis is a sta<>;e iii th(‘ degeneration 
of the nuchms which breaks up and 
linally <lisap])ears owin^' to <*xtrusion 
or lysis : a young red c(‘ll (reticulo¬ 
cyte) is thus fornuMl. 

Maturation of tin' cry thro blasts 
thus involves a de(*r(‘RS(^ in the siz(‘ of 
the cell. iiK'H'ased condimsation and 
dually ])yknosis of the nuchnis. ac<‘Uimi- 
lation of luernoglobin, and a change in 
staining reaction of tin* (rytoplasm 
from basophil via, polychromat(.)|>hil to 
eosino]jhil. 

(5) JIktici’locvti:. - 'Fhe young 
r(‘d r*cll is so called because on vital 
staining with cresyl blue a ^ndwork or 
reticulum is a])par(‘nt in the cytoplasm 
in the form of a heavy wreath, or as 
clumps of s?]iall dots, or as a faint 
thread connecting two small no<les. 

(AU Ihr iiucitviaf prrrNrsors of the reticulocyte (erythroblasts) also gi\<‘ 
this staining reactioji.) The reticulum |)n)bably consists of remnants of the 
basojdiil cytofilasm of the immature cell (chemically tin? reticulum is mad(‘ 
u|) of ribose-nuch*ic acid).^ As the red cell ages, the reticulum disap])ears. 
In the new-born, J5t) of the red cells in the circulation are reticulated : 

tin* number falls during the lirst we<‘k to less than I",,, at whi(‘h lev(d 
it remains throughout life. Their number is iHcrmsrd nhenern’ red cells 
are bdmj rapidltf man a far I a red. For example, if hiemolytic poisons are 
injected intravenously to destroy the circulating red cells, the marrow 
])roliferat(\s, and numerous young r(»d cells pass into the blood str(‘ain 

* Jf r(Ml cells arc stained with cosiu and iiicthvlene hliie the prraonce of tJie rcticaliiin 
in the cells (reticulojytes) leads tn a dilVuse bluish staining of the cell— poly- 

chrowaiophilia. In ]>athologie{il states this staiiH^l hasofdnl material is wometinu's ja-esent 
in cliirn])s which appear as discrete blue particles. Thir finding, km)W'n as hasophil 
piutclatinn (or pirnctale htiHophili ^ (Plate .11, 5), is ospe<-ially obvious after poisoning 
with Iea<l. 



. Haemoglobin (Hb) 

-Basophilia in cytoplasm (B.C.) 

■ — Mitochondria 

PuJ.Utb (.’hart showing St ages in I>evel«)p- 
inent of Ited Plood (V)rpns<'les. 
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PERMEABILITY OF RED CELL 


(Fi". ; it is tlion foiiiul that 25-35‘^o of the circulatiiifi red cells are reticulo 

cvtes. An increase in the reticulocyte count (rrficulocf/tosls) is the first blood 
chan^(? noted when perni(‘ious anaunia. is treated with liver extract (p. 11)8). 

(b) Normal Red (h^LL.* This is a circular, non-nucleated biconcave disc ; 
it is markedly dastic and can underfro astonishing deformation when |)assin»T 
throutjh narrow capillaries. 

The fn‘nncabiUl}i of the red cell membram* is fully discussed on p. 7. 
The membram* is freely })ermeable to Na‘, and (M' ; in sf>ite of this fact, 
however, the Na" and the (^r content of the red cell is low though that of the 
])lasma. is i\i<i[h ; and the K'" content of the red cell is hi^h thout^h that of the 
plasma is low. The red cell, using energy derived from glycolysis, “ pumps ” 
N‘a’ and jirobably into the plasma ; secondarily the non-penetrating 



Tic. 94,—Diameter of Red Rluod Corpiiseles in Diffenait (■oiaJitidiis. (IViee-Jones). 

A^tisDiuorrhagic Aniemia (mean 6*85 fi). 

Baa Normal (mean 7*21 fi). 

C—Pernidoof Anemia (mean 8*24 fi). 

anions in the cidl (protein and organic phosphate) retain tin* KL 1'he com¬ 
position of red cells is coinfiared with that of jilasma in Fig. 5. When cell 
metabolism ceases, as in cold-stored blood, the ions move between the cells 
and the plasma acirording to their concentration gradients (ji. 8). When 
tin'. COj, tension in filood rises, IICO;/ moves out of the cell into the jdasma 
while Cr moves in the reverse direction (chloride; shift, f). 420). 

iJiawefer. —The average diameter of the red (;ells in health is 7*3 //, the 

* Jacobs, Ann. N. Y. Acad. Sci., 1950, HO, 824 ; Waugh, ibid.^ 835 ; Pondtrr, ibid., 1947, 
4H, 579. 
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range being 5-5 -8*8 // ; in pernicious aria?mia the average sizci is (jrmter (about 
8 //), and the range is 4-12 //. The distribution of size of red cells is usually 
set out gra})hically (Fig. IM) constituting a. Pricr-Jortes curve. When the 
H ' ion concentration of the })lood rises, the size of the? corpuscles increases ; 
this is presumably due to the migration of chloride from the ])lasma into the 
cells, raising their osmotic pressure and thus attracting water into th(*ir 
interior. 

Normal Rkd Coitnt.^—T lie averacfe rcM] count in the adult male is 

b-T) millions per c.mm. : in tlie female it is -4-8 millions, ('ounts which regu¬ 
larly fall below' 4*5 million in the male and 4 million in the female shouhi 
arouse suspicion. A brief f)eriod of vigorous ex(‘r(*ise may increase th(^ count, 
mainly owdng to the j)a.ssage of fluid out of the circulation (cf. p. 227). In 
!iew-born infants the red cell count is very high (G-7 million) (Fig. 122), but it 
falls rapidly during the next two weeks to a littl(‘ above the average adult value*. 

Normal Blood Standards. In describing tlie red cells it is neccissary 
to give first (i) the red hJood count 'per c.mm. (supra) and (ii) the hwmogluhin 
content in g. per 100 c.c. (p. 175). The following additional information is 
desirable, especially when considering the amemias : 

(iii) The average diameter (and range of diameter) of the red cells (p. IGti and 
Fig. 94). Cell diameter is usually (but not invariably) directly related to 
cell volume (cf. (v) infra). 

(iv) Rd-ative volume of packed red cells .—This is determined by (centrifuging 
blood in a graduated tub<^ (haunatocrit) till the volume of the packed corpuscles 
which accumulate at the bottom of the tube becomes constant.^ The volume 
of the packed r<*d cells (lucmatocrit value) is normally 41-45% of that of the 
whole blood (cf. |). 10). 

(v) Mean corpuscular volume is determimHl thus : 

Volume of pack(»d red c(*lls in c.c. per 1000 c.c. blood ((iv) supra) 

Red cells in millions per e.rnm. 

The answer is in cubic microns (g^ or c.;i.) and gives the dimensions of tbe cells 
in all planes and not only in the long axis as in diameter measurements 
((iii) supra). The normal range is 78 94 //^. When the volume exceeds 94 //•* 
the cells are called nuicrocgtes ; wdien tlie volume is 78-94 the cells are 
called normocfftes ; wdien tbe volume is less than 78 //‘^ the cells are called 
microegtes. 

(vi) Average corpuscular hfcmoglohiu content (average amount of ha*njo- 
globin }>er cell in micro-micrograms ( • 10"*^ g.) is determiiuid thus : 


lliemoglobin in grammes jier litre of blood 
Red c(*lis in millions jmu* c.mm. 


The average value is 29-5X lt> '^“ g.-f-2*5. This value, is a more precise 

1 - , r,,! 7 / I Ha*moglobin 

expression of the colour index. The cotour index is the ratio li "i /rn o 

Red CelP’o 

where I00^\, for the red cells is 5,000,(KK) red cells/c.min. of blood and for 


* The standard methods of counting red cells have an error of : thii.s with a 

red cell count of 5 million the technical error of a single count may be as great as r! 0'7r> 
million. 

* The anticoagulant added to the blood must not alt<ir the volume of the cells ; heparin 
or a mixture of potassium and ammonium oxalates is used. 
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FRAGILITY OF RED CELLS 


hivniof?IohiT) on the Haldane scale. The nornial c()loiir in(i(‘x lies 

between 0*85 and I Kt 

(vii) M<mf corpuscular hrvuKHflohin couceulradou per cent, ij\ tlie amount 
of hremotrlohin as a percentage of tlie volume of a corpuscle, is determined 
thus : 

Haemoglobin in g. per 100 c.c. 

Volume of packed cells in 100 (‘.c, 

Th(‘ average value is 3r)‘’;, j 3. 

If the corpuscular luenioglobin concentration jier cent is within the normal 
range the ceil is noruiochrnmic ; if it is below th(‘ normal range the cell is 
hyjKichromic. Low values indicate that an individual is suftering from iron 
de.fichmcy, irresp(‘cl i\e of any associated c(»ndition. 

Th(?n? is no condition known in which the cells contain more than 35^’,, 
of lurmoglobin. Macrocytes that are normally filled with hamioglobin will 
necessarily contain a larger amount of hamioglobin than normocyt(‘s ; 

thus the macro(;yt(is (95 ItiO p^) of pernicious amemia may contain up to 
50x10 >- g. of laemoglobin (upper normal limit 32x10 g.), but the per¬ 

centage luenioglobin conc(*ntrarion per cell is the norma) 35^0- 

Laboiiatouv Classification' of An.emias.— Attention is paid principally 
to (i) cell volume and (ii) cor]niscular liaMiioglobin concentration jier ciuit. 
An ana?mia may be with respect to (i), maxjroc.ytic, normoovtic, or microcytic : 
with respect to (ii) it may be normochromic* or hypochromic. Pernicious 
aiuemia is thus a macrocjftic ancvmia (Fig. 94, C) ; iron deficiency aiiamiia 
is a normocytic or microcytic hypochromic amemia (p. 212). 

Poi.vt'YTH.EMiA. A j)ersistfmt increase in the count, 'pohfcylh(r:mia^ 
«)ccurs : (i) in chronic auoria. ejf. high altitudes (p. 115) or congenital heart 
disease (p. 153) : (ii) in <*x(*cssive lo.ss of fluid {(/c/tydrallou) ; (iii) in hlslauuHc 
shock (p. 337) and in some forms of fraftiuallc shock (p. 313), because of in¬ 
creased passage* of fluid out of the vessels into the tissue sjjaces (hfrofocouccul ra¬ 
tion) ; (iv) from primary overae^tion of tlie red bone marrow (c.rtjlhncnua). 

Behaviour of Red Corpuscles in Hypotonic Saline {F ray Hit y of hW 
Cells ).—Ked <*.ells can remain for hours in isotonic salt .solution without 
damage, but in distilled w'^ater they are quickly luemolysed ; liecaiuse of the 
higher osmotic pressure inside the cell, fluid is attracted into the corpuscle 
unf il it bursts and its Inemoglobin is liberated. Tlie/ra///7z7// of red cells may 
b(‘ determined (piantitatively as follows : Heparinize.d blood is aerated to 
standardize the* reaction aiul tln^ degree of oxidation as far as possible. 01 c.c. 
samj)les are then shaken with 2 c.c. (d’ .saline solutions of different strengths 
(rang<; 0-25-0-75'’o) in small test-tubes. Owing to osmothr differences tln^ 
red cells swell and a certain numb<*r rupture (Lc. haunolyse), tin* pro])ortion 
being greater in the case of cells ]daced in the more hypotonic solutions. 
Aftm- t(m minutes all the t ubes are centrifuged and the colours of the sup(‘r- 
natent solutions are comj>a red with standard tubes pnquinul as follows : Take* 
t) l c.c. of blood and lake it in 2 c.c. of distilled water ; this is a standard r(q)re- 
senting luemolysis. .Add appropriate amounts of di.stilh'.d water to give* 

standards corresf)onding to Itl, 20 . . . 90% haunolysis. The percemtage of rt^d 
cells wdnch have been hicmolysed is thus calculaOid, and tin*, results ])lotted 
(Fig. 95). Normally hairnoiysis begins in 0*48%NaCl and is complete at 0*33%; 
the cells in other words vary slightly among themselves in their fragility. 
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Fragility in Diseask. —To understand the ebanges in fragility that tako 
place in abnormal states we must consider in detail the sequenc(? of events 
when red cells are ])laced in hypotonic saline. Fig. 90 gives rt‘presentative 
values for the diame.t(‘r (7*0 //), thickness (M) //), volume (S(» //3). nnd surface 
area (138^^) of a normal n*d cell. When it. is place(l in liypot(»nie saline, fluid 
Hows into the cell and it becomes more spinu-ieal, the diam(‘ter diniinishiiig 
somewhat and the thieknciss incn‘asing considerably. IT the volume' aiid 
surface area changes are con.sidered the r(*sults are somewhat u?ie.\j)e(;t,(‘d. 
When a biconcave disc-like cell is convt'rted into a s])h(*r(‘ rd' ecjual volume 
its surface area is reduced : therefore, as the red cells become liiorc' spherical 
in hypotonic, salines tlu'.y can ac-cornmodatc' the additional fluid at smaller 
surface ar(*as. Finally the cell beccmies fully spherical and attains its 



0-3 0-4 0*5 0-6 0*7 

NaCL.g. per cent. 


Kio. Ua. (^u;inl ilal iv«' Ksl itii.itioii ofFragilit N nl Tilood ('or jui.si ic's. 

A-V» normal liiniis ; A =-arterial blood; V vonou.s blood ; Spl^ after f,i>lenectomy; 

^--aclmlurie jjuimli'T (roiiReniUd baMnoiytir jaundice) (cf. I'ijr. ''<1 and p, liilK). 

(After Whitby and llyiu.s, ,/. Path, Pact., riO,) 

Ab.scissa eoneentrution of Ka(.;i eiuployeil for dilutiiit; corpuscles. 

original siirfttct' an*.a with a greatly incn*as«‘d \'ohime (r.t/. 152 inste.td 
of 8t) //^, or I 77'*,)). The membrane ratnupf sfrrlc/t, so t hat if theie is furfh<‘r 
intlow' of Hu id bevond this point, rujdure takes pltu't* and haunolysis occurs. 

The Ix'haviour of a red cell in hypotonic saline d(‘jH‘n(ls tfieji on the initial 
ratio of surface an^a. fo volume. a.inl not ou tin* absolute size of tlie ct'll. TJie 
gr(*at(jr this ratio the larger the a.dditioual volume that can bt*. acetunmodaU'd 
in a s])h(U‘(‘, of ctjual surfact*. area, and converst'ly. 

Ill SOUK' ana'iiiias wlieii one dimension of a red etdl is altt'it'd, the otlici* 
alttTs ]u*oportionate]y ; in sucli cases fragility is unaJfeeted. ilut in other 
tiiiiemias the mean cell diaim'U'r is incrcast'd, while tin*, t hit'kiic.ss is dccrt'aseil 
(Fig. 90). Jn idiopathic hypochromic amemia ctdl volume, diauu'ttu’ and 
thickness an*, usually all deed-eased ; sonu'times howt^vt'r tlu' decr(*ase in 
thickness is relativt'ly more markt'd and in extreme castes this gi\e.s the 
staiiK'd cell an a[)pe.arance whi(di has siiggesti'd the name of “ target cell.*’ 
These thin cells can swell by j 128% (Fig. 96, 1) before ru])ture occurs : they 
6 * 
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ACTION OF HEMOLYSINS 


call thus witlistaiul the action of ii more hypotonic saline and are said to show 
diminished fragility. Hternolysis may bepn onh" at saline and may 

not he comjilete until 0*21% solutions are used. Conv(MS(‘ly, in congenital 
hjeinolytic jaundice (aclioluric jaundice) (p. 22‘1) tlie cdls liave a smaller 
diameter (e.g. 6*1 //, liut are fatter (thi(*kness 2-4 //), v.c. tln^v are spherocytic 
(spherocytes) (Fig. 9G, 3). Tin* ratio of siiriVi(^(» area to volume is subnormal. An 
increase in volunu‘ of only 3()‘*o (from 77 //^ to 101 /r'\) converts them into fully 
distended spheres at which stage rupture occurs. They aie said to show 
excessive fragility, i.e. they ruptun^ in the higher (more conc(*ntrat(*d) saline 
solutions that do not cause the rupture of normal cells ; thus haemolysis may 
begin in 0*7‘\) saline and be cornpilete at O lT/';) (Fig. 95). The term high or 


1 


2 
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FLAT CELL 

HYPOCHROMIC 

AN>^MIA 


VOLUME 
SURFACE AREA 


INITIAL 




VOLUME IF 
CONVERTED 
INTO A SPHERE 



71/4^ 71/4^ 

143 / 4 ^ 80 / 4 ^ 


VOLUME OF SPHERE WHEN 
AREA IS BACK TO INITIAL 
VALUE & H>EMOLYSIS ENSUES 



162/4^ (+ 128%) 
143/4*^ 


NORMAL CELL 


VOLUME 
SURFACE AREA 



86/43 
85/4 ^ 


152/43 (+ 77 %) 

138/42 


SPHEROCYTE 
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HEMOLYTIC 

ICTERUS 


t 2-4/4-T 
64/4-D 
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VOLUME 77/43 77/4^ 

SURFACE AREA lOBju ^ 85/4 ^ 


I0I/43(+3| %) 
105/4^ 


Fio. Of).—Relation of Red C<41 Volume to Surfaee An^a in Jlifferent 
Conditions. (ITuden, Sywposlnvi on Blood, 

T“ thickness, !>—diinneter, of rcd’ccll. 


low fragility gives no information about the stat<* of the cell membra,ne. The 
membrane is not stretchabh* and does not show varying resistance to distension 
in health or disease. The fragility of red (mjIIs in hypotonic saline is related 
to cell shape ; the practical rule is that flat long (;ells withstand weak NaCl 
solutions, fat short cells (spherocytes) rupture in stronger Nadi solutions. 
Fragility results should always be interpret(;d in this manner. 

Cells of venous blood are slightly more fragih*. than c;ells of arterial blood 
in the same normal subject (Fig. 95) owing to a slight sjiherocytosis of the 
venous cells. 

The effects of splenectomy on retl (*.(41 fragility in normal subj(*,cts and 
disease conditions are dealt with on pp. 229, 231 (cf. Fig. 95). 

Action of HiEMOLYSiNS.^ —Haemolytic sera can be prepared by injecting 
red cells repeatedly into another species. Thus, if guinea-pig red cells are 
U^amoshek, Ann, N,Y, Acad, Sci,, 1947, 48, 685. 
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injected into rabbits, the serum of the latter will contain hfemolysins to 
guinea-pi" cells. If such bfemolytic sera arc injected into guinea-pigs the 
first effect on the Idood is increased spherocytosis of the cells as shown 
by a decrease in diameter, an increast* in thickness, an<l increased fragility 
in hypotonic saliFie. Sn])sequently huMnolysis takes jdace, its degree (/.c. 
the extent of fall in red cell count) <lepending on th(‘ a,mr>unt of initial sphero¬ 
cytosis. The red marrow responds by increased activity, turning out young 




Fl<J. UT.—Aetioii of lla'inolytir Sera oti IJed lilood Cells. 

Experiments on guin(*.'i-i)i!zs. Injcc-t «laily o-J e.«‘. of serum containin^r haMnolysMi a^aiust i[:uinea-|)iK 
red cells. 

A. JNote development of proures.sive aiuemia tfull of liauiionloliiii and r**d r*ell eoinit) and active n'sponse 
of red bone marrow as iiidicatcd liy On* increase in the n'ticulocytc count. Sphcrocj’tosis develops 
with tlie progress of the. aiiaunia. 

It. iNotc tile jirojire-ssive dccn^ase in retl cell diameter (spluTocytosis) wiiich is )M'0|>ortionaI to the in- 
creaseil fruKilitv of the eolls in saline solutions. (Dameshek and Schwartz, Anu’r. ./. nml. Sci., llktS, 
JifO.) 

red colls (reticulocytes) in large numbers and tinally restoring the blood to 
normal (Fig. A and B). 

H.emolytic An.emi.\ in man may be divid(*d into five gronjis : 

(i) The cells are defective in structure and, therefore, (‘.specially prone to 
succumb to the normal htcmolytic [irocesses of the body : e.fj. pc^riiicious 
amemia (j). 196), congenital lia'iiiolytic jaiindu^e (]>. 229), sickle cell antnmia 
and M(iditerraneau amemia. 

(ii) The red cells are normal in structure, but an^ destroyed (‘xcessively, 
together with leucocytes and platelets, by an abnormally acting spleen, e.y. 
in the panocytopenia of so-called hyperspleiiisni (p. 230). 
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(iii) Kesultinii from action of known sinij)l<^ or coinpN^x lysins intro^ 
from without : ars(Miiur<*tt<Mj livtlro'jjiMi, siiak(‘ vtuioni, stroptococc-al 

ha'inolysin. 

(iv) K(*sull.in,o /Voni tin* a<*tion of hioloifir*aI lijcinolysins ol unrortain 
natiiro, usually olal)orafcd hy tho patioiit hinisclf; paroxysmal ha*mo(;loh- 
inuria (p. 177), uo<‘(urjial haano^lolumiria, <‘rvthroblastosis fadalis (p. ISO). 

(v) Atvpioal obscurr ha'inolytir aiacinia. Bloods of tin* fourth ifrou]> and 
some of iIm* lifth i^roup uivr positive (’oom])S tests. 

Voomhs ^'.sV. Autoha-molysins of llio type d(‘S(:rib(‘d ara globulin in 
nature, adsorb strongly on to the red roll and uidike tho normal ^lofudins 
of tlit‘ blood plasma cannot be removed by washing with sa.lin<‘. H<‘nce 
when tlie a Heeled ct‘lls are (‘xpost‘d to tin' serum ol a. rabbit, immunized 
aiiainst human ejobiilin, they are cliimp<‘d. whilt; normal wasln^l cells 
are unaHected : this is tht* ditret test. If the haanolysin is free in tin' 
plasma of tin' patient, it will adsorb to normal (‘om[aitible nal ct'lls (il' 
l)rou,iiht in conla<‘t with them), 'fhesi' will probably not be lysed but t'ven 
after wasliitig with saline will clumj> on tin* addition of antidMimaii-Ldobulin 
rabbit serum ; this is the indi/ccf l»‘st. 'fin' tests Jiave a diagnostic value' in 
erythroblastosis fo'talis (]). ISO). 

Sedimentation Rate of Red Blood Corpuscles.’—If blood (kept 
fluid by in<uAns of an anticoagulant) is allowed to stand in a narrow tube 
the corpuscles settl(‘. progn'ssiv^ely to the bottom while the })lasma rises to the 
top. The rat(^ at which this takes j>la.ce is very (a)nstaut in health and is 
known as tin' sedi modal ion rate. The corpuscles settle because their density 
is greater than that of the plasma. Settling is resisted by the vis(U)sity of the 
iriediurn ; the n'tarding force so e.xc'rted varies din'.c’tly with the surface area 
of th(‘ falling |)articles. Oils allow('d to stand outsich' the body tend to aggre- 
gate to form rouleairx (cells pih'.d one on top of the otlnir, a. condition winch 
must be distinguisin'd from agglutination (p. 17b) when* the cells .an* ir¬ 
reversibly clumf)ed together and (;annot Ihj separated) ; as they do so, the 
ratio of mass to surface area in the enlarg('d particles increases, and as a 
result they siidc with greater raf)iditv. Thus if a red corpuscle is regarded as 
a short eylinder of diameter 8 jx ainl height 2 /x, its surface area would be 150 
sq. /X ; ten discrete corpnscl(*s would have a surface area of 1500 sq. /x. If, 
on tlie other hand, these corpuscles were piled on top of one another to 
build a rouleau the total free surface exposed to the plasma is only 600 sq. /x 
with corresponding speeding up of sedimentatioii. Fundamentally, there¬ 
fore, the rate of s^-dinieiitation vari(*s with the sp(*ed of rouleau formation. 
The factors eoFilrollirjg this ju'oeess outside* the Ixidy a,re not fully known, but 
the most important is the* com posit inn uf the plasma : jihri mnjen ^ e)ther 
fftohatrns, and ea*rtain fond arts (ff tissae. desfrtirfioo increase tlie se'di mentation 
rate: aUmmio n‘due<'s it.- Fibrine>gen is the principal single factor: the 
sedime'iitatie)n rate* e)f ele*fi})riiiateel bloexl e>r e)f the*. ble)od e)f patie*nts in w]H)m 
the fibrinogen is abse*nt, is e^xtrennedy sh»w ; this point is we'll illustrated 
in Fig. 98. (tmverse'ly, (»iie* finels eliiiically that the se'dimentation rate is 
faster wheue've'r the' fibrinogen le*vel is raise'el. 

^ Ham and (.'urtis, Mfx{tnnt\ lU.'lS, //, 447. |K.S.K. e.‘rvthroc,ytc scelimeaitatiim rat(‘. | 

^ With hi^^luT ivd cedi founts the? sf'iiimcntatieni rati* is normallv slowe^el down, and 
this has to ho allowed lor when examination is bedng rnnrio of ble»od with abnormally 
high or low counts. 



SEDIMENTATION RATE lE.S.R.] IN DISEASE 173 

To rlftoriniiH* tli(‘ soiiinKMit.-itioii rato, a narrow f;ra(lua1(‘(l tube is 

fillod witli citniti'd blood to tlH‘. ]() cm. mark and k<*|)t a.l a tcnijicraturc of 
22 27 (\ At tliD end of tmr l(<mr tin* iipjMO' Jc\'cl of tlir red cells is read and 
the licigiit ill mm. of the valunm (if rU'ar plasina is noted. Normally the lad^iit 
of this column is 0 b-f) mm. in b0‘\, of normal males and 0 12 mm. in normal 
females ; thii mori*. rapid sedimentai.ion in femal(‘s is due 1o their lower red 
c(dl count. Tin* avera^i* for males is \ and foi- femah'S S mm. ddie sedi¬ 
mentation rate is speeded up in |.»reo|iancy from the third month u|i 
to parturition. In j»a1 holo^ieal stah‘s 
t h(^ si‘dim(‘.ntat ion rati* may exceed 
r>() mm. 

The sedimentation rate is iisuallv 
unaffected in diseas<‘s without intlam- 
mation or tissue destruction. It is 
grossly increased in conditions assoei- 
ated with injltthunatiou or fixsar 
(lestruchon, such as acute or chronic 
infections (local or inmeral) of any 
severity, or sev<*n‘ trauma. This in 
crease* is usually associated with an 
(*l<‘vat.(‘d librino^e*!! lev(*l and occasion¬ 
ally a rise* in globulin. The jiresence 
of an iiicreasi‘d sediinentation rate 
su^^gests organic- disease, even in the 
absence of other signs ; the finding, 
however, is quite ttoh-specific ami 
gives no indication of the nature of 
the disease. The main value of 
sedinumtation rate determinations is 
in assessing jirognosis or in judging 
progress or the* (‘.fleets of tn’atinent. 

A rising sedimentation rate suggests 
worsening of the condition or heralds 
the onset of com|)li(5ations. In tuber- 
(‘ulous inf(*ctions and also in rhmimatic 
fev(‘r, the sedimentation rate is widely 
employed to judge the coius«^ of the 
disease.* 

The s(>diinentation rati‘ is increased 
in nephrosis. In this condition the 
s(*rum albumin is considerably reilucial ; the serum globulin is generally 
incr(‘as(‘d winm then‘ is ju-onounced lipa'inia. ; (the lipidcs in tin* si'ium an* 
attaclu'd to the globulins). 

Haemoglobin.- —Ua*mogloI)in consists of the protein ///(>/>/// uniti'd wit h the 
fiigment hivm, Ha‘m is an inni-conlaininij porphjfrin known as iron-protopor 
phyrin IX. The ])orphyrin nucleus consists csseiitnilly of four pyrrol rings 

^ For gcjioral theoref icjil discussion, .see Falineiis, ii, (>.‘50. 

“ Hirnington, Iaiuci'I. lOol.ii. .'>ol. Iloliriner and Klioads, Rcr,, 1040, 4 It). 

Theorell (Kiemoproleins), R(‘<’ftit A(ir(tncv.s in Ruzynuiidijif, 1047, 7, litio. (4rani(‘k and 
Ciilder ("retrajiyrrols) ibiiJ.^ vJOo. 



Fid. os KfVcft of l‘!asma l*’it)rinoi!(*n 
IjCvcI on S(‘dimeiitation Fate ol Fed 
P.|ood Cells. 

Ohsrrv.afions on lioy uith (-oriti'-niliO nhsf'nci* ijI 
lil.riMo^rii. 

OniiiiMl.e : scaiiiiratMtioii rate in ntni. 

lii ijzlit of ciilnnin of rlc.-ir |»l.-iMn;n ri-inl n( 
«-na of :! )ioiir> (n|»|n-r curx*') mikI :ii cihI »if 
I hour OoNvrr curvi*). 

A srrii-.-' tif lihriiioi^iMi roin-rttl nit ions Wiis pr<-- 
imn-tl li.\ niixins.', \;ir\ini2 proportion', wf l,hr 
patient's witli normal pUi-.an.'i. 

There is ;i neylieihle ^eilinu-ntation r.-ile in 
I he ahsenee of lihrilioiLU-ti ; note the pro- 
uies^ixe inerea.'.i' in tlie .'(‘(lirn'iUiition rate 
with inerea^int: tihriiiotten eoneentration. 
(Heilrawn from Oakley, Lnnn>t, ii. 
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tHKMISTRV OF H.^MOGLOUIN 


joined together hv four imlhlnr | “ bridges *’ ; th(* |)or])hvri!is are thus 

H 

tetrapyrrols. Tiu‘ *' skeleton " of tin* formula, of ha'in is shown in Fig. ; 
the pyrrol rings an' numbered 1, Jl, 111, IV ; tlie carbon atoms of the methine 
bridges are labellt'd u, /», y, d ; the positions t(» wliich side chains are attached 
are numbered l-S. Tin* side chains at the respi'ctive })ositions are : I, nn'thyl 
( ; 2, vinyl ( - (11 (‘Hol • ‘b methyl: 4, vinyl; b, nn'lliyl ; 

0, propionic acivl ( (’lio.dlo-f’dflH) ]m)))ionie a(‘id ; S. methyl. Tims 
side cliains 1, 3. b, and S are methyl : 2 and 1 are vinyl ; b and 7 are juo 
pionic acid. 

4Mie iron in haan is in tin' /r/voA/.v (hV* *) form. Tin* iron is attacln'.d to 
the N of each })yrrol ring and to the N of the iminazol group in tin' associated 
globin ; a “ bond ” is available for lo(tsr union with (in ojijh(rmoglohin) 



J''ni. lU). ('lu jiiistrv ol’Haan (Inm-ProtojK)!})!!}riii l.\). 

A. CyrroirriiJU in lull. 

n. Pyrrollrinn, ronvcntioiial outline. 

llaMii ; Cyrrol riim.s iirt* nuiiilK'mJ J, 11, IN, ]> . (' ;itonis ol' nietliine 

jire latjclled a, p, y, side cliuin.s an* niiinbm*cl 1 S. 

or (X) (in carhojcifluvmoijjobin). In reduced lucmoglobin this place is occupied 
))y an OH group. 

7'he hfcin is further at tached to the globin by a link bt'tvvet'n each of the 
two propionic acid side chains and basic groupings in the globin. 

The molecular weight of iia'iiioglobin is ()8,(KJ0. When treated with 
alkali and a reducing agent. a substance called hautochromof/en is formed with 
a molecular weight of 17,0(Mt Ha'raoglobin may thus refiresent the product 
of condensation of four hiemoehromogen molecules. 

The ]jroperty which lucmoglobin ])ossesscs of (jombining loosely with 
oxygen and other gases d(‘f)ends on tin; })resence oi'ferrous iron. Kach atom 
of Fe+^ combines w ith one molecule of Og or (T). 

When reduced or oxygenated lucmoglobin is tnuited with an oxidizing 
agent, the Fe"*"*- is oxidized to ferric iron (Fe’ ; the sixth bond is attached 
to OH. The compound is called methaunoylohin ; it cannot uniti*. reversibly 
with gaseous oxygen ; the O of the attached OH is not given off in a vacuum. 
Reduced lucmoglobin is commonly represented as Hb ; oxyluemoglobin as 
llbOg ; niethaemoglobin may be represented as HbOH. 
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Normal Blood Hscmoglobin. —In males the avcrafje hienioglobin 
content of })loo(.l is 15-8 g. per 100 e.c. : in females 13-7 g. The. average, 
irresj)eetive of sex, is l-l-f) g. In 


90% of nor?na.l mal(‘s t he range is 
14-18 g. and in fcnnales 12 1 0-5 g. 
At birth the hiernoglobin 
centration is 23 g : by tl 
of tin* third month it has 
to well b(*low normal (a> 

10-5 g.) (cf. p. 207) ; rec 
then gradually tak(‘s place; 
the end r)f the first year the 1 
globin reaches about 12-5 
(Fig. lot)). I ij. of IJh whvn 
saUmitml romhutes with 1 *‘: 
oj'Hf/(‘n, so that the hanno^ 
concentration is an index c 
oxffijCH-ranifhut power ot 
blood.' 

Functions of H.kmogi 
—(1) It is essential for o 
carriage (p. 1()9). 

(2) It plays an essentia] 
in the transport of CO^ (p, 
and in the regulation of 
reaction (p. 93). 

The inclusion of haemo^ 
in the corpuscles gives c( 
advantages. If it were diss 



2 4 6 8 10 12 

AGE IN MONTHS 


in the plasma it would inc 
its viscosity^ and raise its os 
pressure by about 100 mm 
and so entin4y de.rang(* 
mechanism of water intercl 
between the cjipillaries an( 
tissue spaces (p. 18). Further, 
freed hairnoglobin is excreted by 
by the rcticulo-endothelial system 


Pio. 100.—Changes in Haemoglobin Concentra¬ 
tion during First Tear of Life. (Mackay, 
Arch. Dis. Child., 1933.) 

liannoKloLin (on onlinatf) llaWInrif' Srah-. Normal 
lunnoijloLin — valines a satisfactory ilii't {infants 
receitunif (uhied iron). The lower avrra^r values 
(both for bnast-frd and artitlrially-fi'd babicsl 
an: dun to ina«li »juatr nutrition. 

le kidney and taken up and destroyed 
(p. 187). Certain important shifts of 


M^Iinically h.'omoglolun (’oricont rat ions arc not usually expressed as above, in g. 
[K;r 100 c.e. blood, but in relation to an arbitniry norjnal .siandanl ealled li.cmo- 

globiu.” The aetual eoneentratiori of b.'emoglobin to wliieb lliis eorresponds varies with 
th<‘ autlior ; thu.s for Haldane “ 100*^*', ha'inoglobinmeant KbS g. per JOO ce. ; .W^', 
luemoglobin thus meant .lx 13-8 g. - dVO g. f)er 100 cc. The Haldaiu* standard has recently 
l>(‘en re-exatniiiod aiul it. has been found that 100^’^,, really eonxvsponds not to 13*8 but to 
14*8 g. of h.uinoglobin per 100 tar. Previous eemversions of " Haldane estimations ” to g. 
of haunoglobin must, all bo altered in the light, of this tinding. On the Sahli .scale, 100% 
lucmoglobin means 27-3 g. per JOO <a;. T’he expression “ ])er cent, hannoglobin ” is 
therefore ineaningloss unless the .staudartl ailrjpted is known ; in any ease it is a most 
misleading and undesirable form of terminology and ought to be abandoned. At the 
moment this advice is counsel of perfccticm, as the use of the term i.s too deeply ingrained. 
In this book the Haldane standard is probably reh'rrt^d tt) when the (expression “ hiemo* 
globin per cent.” is mentioned. 
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HLOOD OROTTPS 


ions (Cr and HOC);/ especially) between plasma and red cells depend on the 
fact that hrcinoi^lobin is enclosed in a cell bounded by a mend)Tane with 
(*h;n*<j(*tt*rist i<* projxTties (p, IiWi). 

Factors eoMcerned in hirnnHfh}Ititf Jnnuation an* siirnniarized on p. i-M. 

BLOOD (Ulours 

Blood GroupsJ Tlin*e main ^nonps of “ factors '* are pres(*nt in human 
bhaxl cells vvliich enabh* the cells of diirt‘n‘nt individuals to be ditlcrcntiated ; 
these t'aetors have ei*o;it, clinical, medieo-leeal. ami eeneti<'al interest. The 
croups an* : 

(i) A, 1.1, and O. 

(ii) Kh (Rhesus) factors. 

(iii) A1 a Fid N. 

Classical (A, B, O) Blood Groups. Hninan beinujs (*an be divided 
into four main tiroiijis aeeordine to the pn‘senc(‘ (or absence) in th(*ir i(‘d 
c(*lls (and in c(‘rtain tissue cells) of the substances calh‘(l B, and () : 

contain siibstama* A : (*ontain substance B ; <‘ontain subslaiict* 

AB : It)'',, contain substance O. The perc(‘nta.ec distribution j^iven above is 
for \V(‘stern Ktiropean j)eo|)les.‘’ i’he .en)ups an* (‘orrespoiidinely called 
lifoup A, uroup B, unnip AB, and jiroup O. More, re,lined analysis shows that 
substance A ('an Im* siil)divid(‘(l into two snb-^i*onj)s eall(*(l A, and : A, 
includes of all croup A. Ao forms (iroiip .AB is similarly dividetl 

into A,B and .\.,B. 

A and B are called tfronp sperijlc substances and eln*mieally are /W//- 
savrhfU'Kh's ; they are also l.r. in tin* jiresenec of a suitable 

antibody called an afiuhffinin, aeelulinalion or (‘liimpin^^ of the red e(‘lls 
occurs. The aucluiinin aetinii on au^liitinoiren A is ealh*d n f)r atiti- A : the 
agglntitiin aetin^^ on au'elutitioccn B is called // or anti-B. |TlM*se uj^iiJutiiiius 
are also called }n(i(}<jlofi)nns.\ (iroup sp(‘eilie snbstaiicf* O do(*s not 

normally act as an aeeintinoecn am) theri* is no eorn‘spondintf agglutinin'd 
groiij) O cells aie not agglutinat(*d by agglutinins n or //. 

i'he so-called Landsteiners law states the following: if ati agglutinogen 
is [)r(*sent in tln^ r(*d cells of a blood, the eorrosponding agglutinin, must b(^ 
absent IVom the plasma : if tin* agglutinogen is absent the (•oiT(*sj)on(ling 
agglutinin must be pr'eserd . The first part of this law is a logiea.l outcome of 
the situation, for if both aggIiitinog(*n arid agglutinin wr*re pr(‘sent tin* cells 
would b(* agglutinated. Tin* second part is a fact i)ut not a. neeessai'y s(*.([uenee, 
for when the agglutinogen is absent fi'om blood t in*, agglutinin might, well be. 
abs(*nt too. In fact absence of Rli agglutiiiogim is not. normally a,eeomj)ani(*.d 
by pres(*nee in the plasma of the anti-Rh agglutinin ; similarly absence of 
M or N sub.staiFcc* is not aecoFiipattied by tln^ pies(*iie(^ of anti-M or anti-N 
in the plasma. It is oidy in the ease of the A, B, 0 blood groups that, absence, 
of .A is associated with t in* pn*senee. of a.nti-.A (o) and the absence of B with 
t he f»r(*seuee ol‘anti- B (//)• 'I’he finding is strang(* a.Fni at f)resent inexplicable. 

* Wiener, Bliutfl Springfield, .‘tnl edn., 19-13. Syiiiposinrn, Ann. N.Y. Arnd. 

Sri., llMfi. -M', SS3 992. Itnee ainl Sanger, JHoad fh'oupM in, Man, OxfVml, lt)r»0. 

Sn»)ie ofllie Ka.stern Kuropean peoplo.s show a liigher propoF'tion (ijj> to 20 ])(T ecFit.) 
of Groiif) f{. I’nre Anierie/in Indians hel()rig alniost <’.\r liisivelv to Groii]) (). 

* VT*ry rarely, after rep«‘ated transfiisioiis, gmuj) O eells evoke an incgiiiar agglutinin 
(anti-O) in suseeyitihki reei])ients. 
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11 tli(‘ srrutn f>l tlic lull?' chisKical ‘groups is <‘x;iinintMl, tin* ui^jilutiriiiis iiro 
In ilifttribiil-fil as iollows : Uroiip A contains /> ; (Jroiij) B contains 
a ; (i!ronp AH contains no aix.ixlutinin ; (troiif) t) contains n and (i. d'lic. full 
description of tlic four groups takiri^ into account ladli a.^glutinogens and 
agglutinins would l)c, tlKucfore : A/t; Hu; AH; Ou/;. The agglutinin « is 
not a, singh* suhstance hut can he subdivided into and u proj>er : u, only 
agglutinates A, ; <i proper agglutinates l)oth A, and A^. Tin* relative, amounts 
of* a proper and u, vary in tli(‘ sera of (froujis U and O. 

'I’o d(‘t(‘rmij»e an individual's classical hlood group a saline suspension 
»)f his red cells is mixed on a. slide* (i) with a test serum containing «, and 
(ii) with a. s(‘rum containiiig /f The results an* diagiiostic as shown hy the 
I'ollowifig tahie. 

Srrnijj tn»ni Sermii toiin 

<ilroii|» A SubjiH-t. 15 Siibjci I. 

Ajrgliitinin ;-i AgLHiitiiiin u 

' [anti-AL 


AI5 . . ; 

agghiti?inli<Mi. an ination. 

When no aggliitinati(»n occurs the red cells r(*main separate and (*v<‘idy 
«listrihut(‘d ; wlnui agglutination oc(’urs the cells are massed together in 
clnntfts and lose their outline. With high litre (/.c. powerful) agglutinins the 
c<*lls are mass('d into a few large clumps : with W(*aker agglutinins nmre 
numerous hut small(*r clumps are formed.’ 

’ 'I’lie fi(ffjlnluHnjrns A and 15 first appear in flu* sixth week of fietal Ide ; their eoii- 
etaitrafioii at birth is nue-fifth flu* adult le\el and it pngressively rises during puberty 
and a<l(des<*ene<*. (iT’oup sjieeifie sui>s1anees A and .15 are nol limited t«» the re<l cells but 
are found in many oigans : salivary glands ami pancreas -e + : ki«lney, liver, and lungs 
+ ; testis. Being water-solubhi lh(‘v appear in the body fluids and in the following 
relative <'ormentrations ; saliva and s«‘inen. bUU ; ainniotie fluid, ITo; {ml cells, S ,‘52 |; 
tears, o ; urine, .‘5 ; cerebrospinal fluid, (t 

f bdy otf% of iK’w-bortt infants liavt* demonstnibh* agglutinin, which has simply filtert.^d 
across the placenta from the nmther. 'fhe s])eeilie agglutinins ap]»ear at 10 days, rise to 
a peak at 10 yt'ars, and t lnm decline. .At all ages there are marked variations in agglutinin 
<*ontent in diifen‘nf ittdividuals : the rang<* for the “ litre ” {i.e. er)neenf ration) of agglutinin 
a is S 20IS (most at 12S) ; for fi, 2 1024 (inosf at .‘52). The figures qiiotcfi indicate fhe 
ertent to which the .sennn can In ililntcfl heforr losliaj its fnj(jhtfinaiin(j potency/ ; a high tifre* 
repres(‘nts high agglutinin activitv. The s]>eeific agglutiniris a,et best at low temj)eratures 
and against well-<liluted cells; 'with w<-ak .sera and high ec'll concentrations the cells 
niay mop up the agglutinin without being agglutinated. 

yon-spc.cifie agglut inins mav (u'cur clinically which a<‘t in the cold (at (f'C\) and 
not. at body temperature : a jK-rson's cold aggliitinins may agglutinate his own red cells. 
In some eases the coneentration of the cold agglutinins is siini(!iently high to agglutinate 
the subjeedAs own e(*lls at room tcmiperature. Kxposuro of fhe liinbH to cold may Hum 
lead to intravas<5ular liieiiioglf>biiiuria {parox'ps?n.(il /uvmoglolnn nna). 


Cells. 


.\ 
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CLASSICAL A, B, O GROUPS 


Relation of A, B, O Blood Groups to Blood Transfusions. The (‘frecls 
of truiisfiisiiij»: tlif* blood of niiy firoiip into tlio circulutioii of a inoinbor of 
anotlier groii]) (‘an iradily be worked ont if the following additional points 
are borin' in mind. Tlie scnnin agglutinins of tln^ donor can usnally be 
ignored (if their ])otency is not too high) as tlnw an* sulliciently diluted 
by the much larg(‘r voliinn' of tin' plasma, of the recipient to produce no 
ill effects ^ and they are also nentraliz('d by soluble agglutinogens which an* 
found fn‘(' in the recipi(*nt s body Iluids. It follows, therefore, that the 
agglutinogi'iis of the cells of the recipient need not usually Ik* considered. 
Account need only be taken of the effect of tin' serutu nfjfihif Inins offltr recipient 
on the cells (applntinopens) of the donor. The. following table indicates the 
effects that would be j)roduced by transfusing cells of any group into a 
recipient of any group (the sign j- indicatc's agglutination of the (*elis and 
incomjiatibility ; the sign indicatf's no agglutination, and tln*refore 
compatilulity) : 


Recipient 

! (Agglutinin.s in scrum 

in italics). 

A\i 

Red (Vlls of Donor. 

A n 0 

! 

Pt‘n‘C‘ntage ol 
individuals iti ! 

each group. i 

1 AB-k-no agglutinin {o) . 

: 

i 

AB 

1 A+agglutinin p . 

-f- 

; — : 4 i 

: A 42 I 

1 \l-\-agglutinin a . 



: B !> j 

1 0+agglutinins aii 

4- 

1 ♦ 

0 4() 


The following important conclusions can be drawn from the f>receding 
table. Group A and (iroup can only safely receiv(*, red cells from (iroup () 
and their own grouj). Grouj» AB contains no agglutinins in the serum and 
has thendore been called the universal recipients. Tiie cidls of (iroup O 
contain no agglutinogen and are not agglutinated by the members of any 
group : Grou]) O hav(^ therefore be(*n cali(',d universal donors. 'I’he classical 
terms, universal donor and n'cipient, are however no long(*r valid as they 
ignore the complications produced by the existence of the Jih factors. It 
should be em])hasized that the only safe im'thod of det('rmining compatibility 
is to t('st directly the. S('rum of the recipient ayainst the donor s corpuscles ; this 
should, whenever possible, be carried out in ]mictiee. If (airried out as 
described on p. 181, it will safeguard against Kh as w(‘ll as against ABO 
incom})atibility. 

Rh (Rhesus) Blood Groups.- —The recrently discovered Rh groups are 
of outstanding clinical im])ortanc.e. The original discovery was made as 
follows : red cells of the rln^sus monkey were injected into rabbits ; the 

' There are, however, exceptions to thi.s statement, an(i minor degrees of agglutinat ion 
of the recipient’s corpuschis may occur. 

* Mollison, Mourant and Race, Tth Blood Groups and their Clinical Effects^ Rritish Med. 
Res. Council Sp. Rep. No. 19, 1948. 
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rabbit responds to th(* pn*s(‘nc«* (»f* an anli^on in thost? cells l>y forming an 
antibody which a<rulijt,inates rhesus red cells. The surjudsing observation 
was then inad<‘ that if th(' iinniunizcHj rabbit s se.runi is t(\st(Ml against hunnni 
red cidls, a^^glutination occurs in 85';,^ of white jnen ; these j)e(»ple aic called 
Kh {- (j)ositiv«*) a.nd their serum contains no Kh antibody. So ajj[‘:(lutination 
occurs in ; t[i(‘S(‘ are c.alh*d 1th— (negative) and tlicir s(*rum also 

contains no Ilh antibody cxcej>t in the circijmstanc(*s (‘xplained Ixdow. 

There are vsevera,! varieties of* HU autiji:<m and ol’ ilh antibody ; the 
coniinoiKvst Kh aniiftcn is called J), and its antil)ody is called anti-D. Blood 
^^rou]> antigens are the nisult of the action of gimes which are ]»resent in 
the chromosomes. The. gene corres])onding to tln^ antigen D is also called 
J) ; wh(*n I) is abstmf f?'om the chrojiiosoim*, its |)lac(i is oc(‘U])ied by the 
alternate' Ibrni (allelomorph) called d. A Kii gene is inheritcid from both the 
father and the mother, if gene I) is carried by both sperm and ovum the 
r(‘sulting gene comj>osition (tjenohfpe) of tlie offspring is Dl.) ; if the gametes 
carry D and d respectiv(‘ly tlie result is J)d ; if l)ot]» gametes carry d, the 
result is dd. J)l) (called homozygous) and J.)d (calhal heterozygous) are 
both Kh-f ; (Id (homozygous) is Kh—. Of the 85% Kh-f English p(u)])le 
(‘xamimHl, 85%, w<ue DD and 48%, were Dd ; the? remaining of the 
KlH people had some other genotype containing 1). In tin* c.as(^ of a 
homozygous father of genotype DD, all th(j sperm contain D ; with a hetero¬ 
zygous father of genotyj>e Dd, half the sperm contain D and lialf d. These 
factors ar(‘ of importance in ndation to the genoty]>e of the child and the 
likelihood of development of ha.‘niolytic disease (p. 180).‘ 

If red cells containing D an? repeatedly injected experimentally into 
Kh - subj(‘cts, anti-D is form<‘d. The Jirst fonned anti-D is called saline 
agglutinin or eomplete antibody ; in vitro it agglulinat(‘s c(‘lls containing D 
wh(*n they are suspended in saline or in an albumin solution. The later 
formed anti-D is call(‘d albumin agglutinin ; in vitro it agglutinates cells 
(a)ntaining D wJien they an? suspended in an albumin solution but not in 
saliiK*. Hut though the addition of lat(‘ ” anti-D s(;rum to D cells suspended 
in saline does not agglutinate them it modilies their properties in another 
way : the D cells so treated can no long(?r b(? agglutinat(‘d in saline by 
“ early ” anti-D. ‘‘ Late '* «mti-D (albumin agglutinin) is thus called blocking 
antibody or incomplete, antibody, Anti-D is formed in resf>onse to intranruscalar 
as well as intravemous injections of blood : the volume of blood injected is 
unimportant : as little as ()-05 c.c. of blood may l(\‘id to striking anti 1) 
formation. Variations in individual responsivemess are, however, very great ; 

' A fullcM* statciiu'nt of tlie Kh jjroups is as follows : Jluiuari n'd crlls ina> carry certain 
ot the ag^lutino^rf'iis (\ c ; 1), (I ; K, e ; a.s <*xplaiiied below. 

Three of these are always present at a time and tln‘ pre.scnre of oyte of a pair fxcln(tf.s 
the other-, thus {’de and el)K are ]»os.sible : edl> is not. It follows fhat eight possilile 
arrangements f»f genes may lie carried by the sperm and eight by the ovum giving rise 
to thirty-two g»*no<y]>es in all. Of these, only live are eommoii : CDe.CDe ; Cln‘.el)E ; 
CDe.cde ; eUK.ede*; and ede.i-de. cDE.eDK is ran* ami the other twenty-six, vi ry rare. 
Any of the six agglutinogens 0, c ; D, d ; K, o ; might theoretically give rise to agglutinins, 
hut practically all are very feebly antig(‘ni<- exee]»l I) whi(*h is strongly antigenic and 
re?adily evokes anti-D. Fortins mison CDe.(-de; CD(‘.(d)K; cDE.cDE ; CDe.ede and 
eDE.ede may la; grouped toget her as the Kh b grou}) (or group D) evoking anti-D in any 
blood not c<jntaining the agglutinogen D, which for practical puqioses narrows down to 
ede.ede, i.e. tin; Kh group or group d. Interaction between these groups covers t)8% 
of all eases of erythroblastosis lietalis and Jth blood transfusion reactions. 
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thus aftf'r a, single tnuisfusion of ll]i+ blood only of recipients develop 
anti' 1). 

I’he sermii of Kh subjects contains no anti-l) t*xc(‘pt in two circ.iini 
stanc.es ; (i) following a transfusion or injection of Kli | blood; (ii) in 

women who have iindergom* ime or more pregnancies with a Kh | betus 

(infra). 

Rh Factor and Haemolytic Disease. The child of a R\i mother 
(genotype dd) and a Kh r fatlun* (geiiotypc DD) must la* Kh | (Dd) ; if 
the Kb-r fatlier is Dd tin* olVspring may be Kh j (Ihl) or Kh (dd). If 
th(* mother is Kh- and the fa‘tus is Kli | , serious complications may (uauir; 
(.Vlls containing 1) |)ass across the ])lacenta from the bet us to t in* iinnher ; 
tin* latter resjamds by forming anti 1) which returns to the beta! eirculalit>n 
and tends to destroy the beta! red cells. Tin* d{‘gre(‘ of damage* iloue to the 
fa>tus dep<*nds tin tin* magnitude of the matt‘rnal anti I) nvsponse and tin* 
ability of maternal JUi agglutinins to cross the placenta. (Jeneially no harm 
is doin* during the first ])re.gnancy ; but serious ri\sults may (a-eur in the 
second or later [)r(‘gnain*i<*s d('pending on the (h‘gree of sensitivity of tin* 
mother. If tin* moth<‘r has b(‘en immunized previouslv bv a Kh j blood 
transfusion at any t.inn*, errn in vkihlJnuHl, a, <langen>usly high r(*s|»onse may 
occur during a lirst [)r(*gnancv. But it should be (‘inphasized ( hat in most 
cases, agglutinins an* }n)( fornnul and the great majority of matings betw(‘(‘.n 
a Kh— mother and a Kh 1 father result in normal obsjuing. 

Kffkcts of a^ti-I) o.\ ruF F(KTUs. The chang(‘s in the bet us may be 
terjnerl hanntlytic disease (not to be coid'used with hainorrlatifie states due 
to vitarnin-K deiiciency, p. lod) becaust* tlniy a,re tliie to tin* (h*struction of 
the r(*d cells by inateriial anti-D. The following an; the chief clinical 
syndronn's : 

(i) Hifdrops Fd tails: the betas is grossly o‘dematous ; it either di(;s 
in utera, or if born prematurely or at term, it di(;s within a few Innirs. 

(ii) Icterus (rraris Xeonatarinn (Cnnifenital Anamia of the Neiv-hnrn). 
The iidaiit is born at t{*rm ; it is jaundiced (Inemolytic jaundice, p. IIM)) or 
becomes so wdthin 21 hours. Then* may be no anicinia at birth because 
the excessive red cell d(;struction is nuire or less coinp(*nsatt;d for by an 
intenae normoblastic res[)onse of the marrow, associated with a high 
reticulocyte count and the presence of rnany nucleated red cells in the 
circulating blood (eri/throhlastaania ; erifthrobtastosis fotalis). Tin; rate of 
red cell destruction by anti I) is maximal at birth and so arnemia may 
develop in the lirst few days. There may Im* s<*ve?e neurological lesions 
involving the basal ganglia especially ; they s(*condarily become staiin*d 
bright yellow with bile pigment (k'ernicteras) (p. fibO) ; tin* liver may also 
be dannaged. Kree anti 1) (d(*riv(;d from the mother) is pn;sent in the infant's 
blood for at l(;ast one week after birth and continues t.o d(*stroy the inbud/s 
cells, though at a, diminishing rate, all this tinn;. 

The best treatment- for sev(*r(* Inemolytic disease is an ejrhanfie transfusion 
carried out soon after birtii. A c-atheter is passed along the umbilical vein 
into the inferior vena (*ava ; small (pjantities of the infant's blood are suc¬ 
cessively withdrawn and re,|)laced by an cfjual voluiin* of (;ompa,tible R/i 
negatire hlood. The infant’s Kh j re,d cells which wen* doomed to d(;stru(;tion 
are thus njinoved from the circulation and t he irdant’s organs do not have to 
deal with the ju’oducts of t heir disintegration ; the infant is given an adeapiate 
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supply of Hh -■ rofi <u‘lls whicli will survivo in tin* circMiIstiou i’or tin* oonnal 
lon^tli of time;. 

Rh Factor and Blood Transfusion.- TJu' following ruks slioiiM bn 
observed. 

(1) No Kb - lenialc* at any ago IxTorn, t lu‘ ninnopause slioiild over be 
given a. Rli ! blood transfusion if it can possilily fa* avoided. If she is Rh 
she becomes seiisitizcal })y tin* injeebal Rh : blood and forms a.nti-l): sin* 
is lik(*ly to destroy, snlisecpienl ly, any Rli r- betus witii which sin* iMaamies 
pregnant. In other words tin* translnsiim may make her pormanentiN" 
sterile. 

(2) Any Rh woman wiio has given birth to a. child siilfering from 
luemolytic disc'ase is undoubtedly iininunized to i) and her serum contains 
anti-l). Likewise any Rh p<‘rs<u.i. who is given Rh • blood may become 
sensitized and tin* serum may contain anti-1). Anyone whose' serum contains 
anti 1) will show all the changes attribiitabh* to mismatcln'd tra,nsfusion if 
they an; tra nsfused wit h a Idood. ofhrnrisr vomp(ilihl(, hu! ronlnlniiuj I). 

(.S) To avoid s«‘nsitization it is desirable tfiat Rh as w<*ll as AlU) t(‘sting 
should b<* carrieul out whenever possible before* a blood transfusion is per- 
fornn'd, what.e*v<*.r the sex of t he r<^ci]>ient/. 

DiuKe’T (hn.)88-\iA'J'( HiNU BiiiaiRK Transkusion. 'Flif^ oiily siire safeguard 
against transfusion complications is to match tin* s(*runi of the rc'cipient 
directly against tin* cc'lls of tin* donor. The. donor's cells should be diluted 
with a 2()"<, albuniiii solution; under these cir(*umstaiu'es tin* so-called 
anti-Rli albumin agglutinin (p. 17b) can also b<* demonstrated. If tin* s(*rum 
does Jiot agglutinate tin* donor's cells, tin* doncir's cells an* compatible; if 
the serum agglutinates tin* donor’s cells, his blood is incoiufiatibh*. 

I'st: OF Plasma for Tuansfi-sion.- When coniparativt*ly small volunn*s 
of plasma an* us(*d its agglutinin content can be ignored becausi* its titre is 
reduced to liarml(*ss levels liy dilution in tin* r(*cipi(*nt's plasma. If large 
volumes of plasma an* employeil the injected agglutinins may be harmful. 
It is tlnm wiser to use plasma fnun which the agglutinins have brc*n removc'd 
by contact with the corres|>onding rt*d cells {ronififionrtl pinsttm). If a blood 
liaiik is used into which lilood of all four groujis is placed, t he <i and // agglu¬ 
tinins an^ absorbed by the .\, H, and .AB cells ainl thus remov(*d. 

Effects of Incompatible (Mismatched) Blood Transfusions. —\A’hen 
whole blood is inj(*ctt*d intra.v<‘nously intc> jiatients (hlood transfusion), serious 
symptoms ami even death <‘aii occur if the recipient's serum contains 
antibodies (u, ji or anti-D) which agglutinate the donoi's nal cells. Tlie 
n*d cells are first atjffJntinoted and th<*n umlergo htnnohjsts. The following 
types of clinical n'action occur : 

(i) IxAPT’AKKNT JLlLMoi.vSIS. The injected red (*ells are ra]iidly destroyed, 
the r(‘ci|)i(mt\s blood returning within a week or less to its pre-transfusion 
state. No other symjitoins an* obsi*rv(*d. 

(ii) Rost TJiANSFUSioN .lArNnncK. - The injected red cells are destroyed 
and the bilirubin fornied from the released ha*moglol)in accumulates in the 
blood in suflicient amounts to produce jaundice (h(V)nohjtle jaundice). The 
amount of urobilinogen in the urine is increased. 

(iii) 8 kvkhi<: REA(moN wmi H.kmoolohinukia and Rknal Faiia’ki:.* 
Soon after beginning the transfusion, perhaps aft<‘r a tevr c.c. of blood have 

^ V'avaaquez, J. I*uth. Tioet., 1940, //, 4I.‘{. 
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beon introduood, the pn-tieiit complains of violent pain in the back or 
eLse\vli(‘ro, aiul tightness in the (rhest: tliese symptoms are at.tribnted to 
the aggliitinat(‘(] red et'lls forming chimps which block capillaries. The 
mass(‘s an* then Ineniolyzed ; the released lurmoglobin colours the |)hisma 
bright red : some of the ha*nioglobin is converted into the brown pigment 
nieth;emall)umin (p. 1S7). With rapid destruction of the Inemoglobin, 
bilirubin accumulates in the plasma and stains tin* tissues (jaundicr). 



Tio. 101. - liesults of IBlood Transfusion. 

in-cords from Jihovr <lo\vll^v;^r(I.'^ : r|ink::il siims ; (liiid intak** (blark dots), urim- oiitpiit (rUar carrlfs^ • 
)>lood mni-iirotoiii iiitro'jon l.N.C.N.Mti ini;. jmt IUO 

Till- patifiit (n-<i|iiciit) brloii'.Z»'d to <iioij)» O (stTiiii ofi)-, tin- d^»Ilor■^^ rdl.s fn-Inrip'd t(» A 

Mloldrini'and (Jraof, Arrfi. inf. Med., I•»:{«), -'7v, .s:{.s.) 

The. volume of urine is greatly decreased. This is due in part to a fall 
of arterial blood pressure (c.//. down to 70 mm. Ilg) and jterhaps to local 
vascular disturbances in the. kidneys' such as (closure of the interlobular 
arteries : the arltirial blood is th(‘n shunted via the juxta-medulhiry glomeruli 
into the rmalulla. and so does not pass through the majority of the cortical 
glomeruli, leading to grave reduction of the glomerular filtratf^ volume 
(p. 2<)). Tf the urine is acid and glomerular liltration is slow, the hfcmoglobin 
which is passed out in the glomeruli is }jrecipitat(jd in tluj tubules })ossibly 
as acid haunatin, owing to the filtrate becoming acid as it passes down the 
tubule ; the lunum of the tubules is thus obstructed, and the flow of urine is 
^ Miller and MuDonald, d. din. InveMitj.^ 1951, 30 ^ UKTl. 
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seriously interfered with. In spite of alleviative measures such as inj(*ctions 
of saline and alkali,^ almost complete anuria may develop (F'ig. lol). Owing 
to renal failure the nitrogenous constituents of the blood rise, and a condition 
of laicnl urannla results (p. 7:1). The patient in severe cases may die in 
S-10 days, aft(ir developing increasing lethargy and coma.^ In a seriivs of 
cases in which incompatible blood of the AiiU groups was giviui, no death 
oceurnRl when less tlian :ir)0 c.c. of blood were transfused. 

1NHKitiTANinc UK Cj.AssicAi. .I1 l()ui> Oju)ijj‘s.— The four classii^al blood 
groups de]>end on three g(‘m‘s named after thi; corresponding factor, A, Jl, 
and O. Kach jierson’s blood group is determined by the two genes 
whicli he reciuviis, one from (‘ach parent. Genes A and \\ are of equal 
strength, and when prese.nt togetlnu* work independently. Gene (), on the 
other hand, is recessive, i.e. when couph‘d with A or B it does not function. 
Accordingly: 


If a person receives genes - 

[A-i-A 

or 

[a 4-0 

B 4 B 
or 

B-hO 

A-tB 

0 4 0 

His blood group is 

A 

B 

AB 

0 

His genotype is . . AA or AO 

BB or BO 

AB 

00 


'J'his information can be used in investigating cases of disputtRl jiaternity. 
A baby must receive one of three possible genes (A, Jl, or 0) from (‘ach parent. 
Further, each parent transfers one of two genes to the child : an A parent 
(genotyf)e A A or AO) can give A or O, a 11 parent (genotype 1111 or BO) 11 or 
0, an All panmt A or 11, and an 0 parent (00) O only.'* 

It follows that: 


If the baby’s 

Parents must 

8o if mother 

Father could 

group is — 

have given it— 

was— 

not have been — 

0 

O 4- O 

.\o matter which 

AB 

AB 

A 4- B 

No matter which 

0 


1 A -h 0 ] 



A 

or 

B or 0 

B or 0 


i A + A j 




I B 4- 0 1 



B 

1 or i 

A or 0 

A or 0 


[ B 4- B ) 

1 



The medico-legal value of blood groiqiing tests is greatly enhanced if the 
MN and the various Rlnvsus factors are also studied. 

'Fhe M and N factors depend on two minor sui)plementary blood g(*nes. 

* Owing to failure of salt and w'aU^r i-xcretion I here is a real daiig(‘r r>f ovfrtn'atincnt 
witli the risk of fluid iTdciition.aiid a*(j»Mna, (?sp(‘cially (d‘ the lungs. Altcinpis at “ flushing 
out tho kidneys ” slioiild not be made ; the volume of fluid administ(‘rod should equal tht^ 
maximum likely ti^ he lost from the skin and lungs, and (‘xereted by the kidneys. 

f Whitby, Lancet, 1912, ii, 581. 

® It must he remembered however that tlie ehild's blood may not be set. in its true 
ABO type until as lute as one year after birth. 
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CHANCRES IN STORED BLOOD 


TIhw ciirioiisly onoiiyli do not. elicit an oiit])iit of ii^^hit inin.s when injectiul 
into man and may therefore l)e ignon'd in (tarrying out transt^jsions. T]h\v 
are, however, antigenie to rahhits and agglutinating sera, can he [)re])ared by 
inj(‘eting bum an M or N cells into rabbits. 

Each p<‘rson carries two (d* tin* g<‘ne.s of the M and N groU|>, i.c. M 1 M 
( M). N I N ( N), or M -j-N (-- MN). As a n*sult : 


if a baby’s 
supplementary 
group is— 

Parents imist 
have given it— 

So it Jiiolliei s 
supplementary 
group was— 

father could 
not have been — 

M 

1 M -+ M 

No matter which 

N 

N 

N 4- N 

No matter which 

1 M 

MN 

M 4- N 

N 1 

1 N 

MN 

M 4- N 

M 

M 


It should always be remembered that l)lood grouping tests can m‘V(‘r 
j)rove that any ,susj)e(‘ted person is the actual fath(‘r: they can only show 
that he could not j»ossibly have betm tin* father or that- lie (likt* many others) 
might have been. 

Use of Stored Blood. Whole blood transfusion is the ideal treatment 
for severe haemorrhage wlieu given promptly and in adequate ainountB. 
Under war conditions and even for the emergencies of civil practice it is 
advisable to have considerable stores ready at hand. Group 0 blood is 
employed ; it is collected and stored under strictly sterile conditions and 
kept fluid by addition of citrate. Uroup (), Kh blood should be available 
for use in af)[)ropriate cases. [The «/> agglutinins (‘.an be removed from the 
blood by adding the AB spc'cific substanc(‘s. | 

Red cells uinh'.rgo ra|)i(i (‘hanges during storage in siinph* citratf* solutions ; 
th(‘y are pres(*rved much longer in the presence* of glucose, the amount of 
Ineinolysis alter six weeks" storage being reduced to oiu* tenth.* Glucose acts 
mainly by liberating lactic acid and lowering the ydl of the medium (citric 
acid is hel])ful for the same reason). A satisfa-ctory dilin‘nl is : 100 c.c. of 
2‘^f) disodiuin citrate a,nd 20 c.c. of glucose, to which are a(hh‘d 120 c.c. 
of i>lood. 

The main r(‘d cell changes during .storag(* are fully d(‘scril)(‘d on ]>. 7 ; 
owing to the decrease or arrest, of n*d c(*ll metabolism tlu* ions to which the 
cell nH‘ml)rane is j^ernieabh* move according to their conc(*ntration gradients : 
(i) |)asses out of the cells into tin* jilasrna when* tlie K' conc(*ntration 
rises from tin* normal 20 mg % to, c.//., 110 mg Vo 11 days (Fig. 102) ; 
Na^ passes from th<^ ])lasjna into the c(*Ils, raising tin* C(jnce.ntrati(m tin*n* 
from 40 mg^^Jo to 80 or (iveii 140 iiig "f, ; (ii) tin* cells ijicrease in volunn* 
and bt‘come shorten* and fatt(!r, i.e. more sf»he.rocytic (p. 104 ) : in consequence* 
they undergo Inninolysis mon* readily in hypotonic solution and may ruptun* 
in viiro in salt conc(*ntrations as high as 0-8 0’8ry',;j ; (hi) hannolysis of th(‘ 
(jells take.s jdaca* to an increasing degree, while in contact witli their owjj 
])lasma ; (iv) tin* inorganic phosphate of the plasma rises .slightly from 3 mg'!;, 
to say 5 mg %. The changes in the other blood (•on.stituents an* unimj)orta?it : 

^ Maizels, Quart. J. exp. Phyeiol., 1943, 32, 143. 
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i.\w pliitc.Icls disa.f)|mMr in two days; 70% of tin* wlnto hlood cells have 
disa.pp(?iir<Ml on the second day and many of the surviving ones are deeen(‘rat.(‘ ; 
by 10 days all tin' white cells are f^oiKi or dyin^ ; the constit uents related to 
blood (^lottine arid the plasma proteins a!*e comparativ'clv stabh*. 

From the practical point of view the value of stored blood is closely related 
to the survival time iti, the recipient's hody of the transfus(*.d cells. If they 
disintegrate very rapidly they cTe.ate the ditiiculties always associated with 
free hamioglobiii in the plasma (p. 1S2) and do not help in oxygen carriage ; 
such a whole blood is no better, and in obvious respects more dangerous, tlian 
plasma. The degree of spherocytosis and saline fragility of the cells prior to 
injection is not a reliable criterion of the fate of the cells in the body. Their 
survival time in the body must be determined by direct study of the recipient 
(Fig. Jt is found that c<‘lls stored in 

citrate solution for 7 days disapp(‘ar from 
the rccifiient's circulat ion in 1 2 days ; 
by contrast, cells stored in citrate-glucos(‘ 
for as long as 18 days undergo no lasting 
dct(.‘ri()ration apart from normal ageing, 
and they survive in the recipient’s circula¬ 
tion (allowing for ageing) for as long as 
fresh c(j11s. 

As explained on j). S, if abnormal 
stored re.d cells arc incubated with glucose 
in vitnt at 37 ‘ (\ their meta.l>olism is 
re.stored ; consccpauitly the Na * is ex¬ 
truded from tli(‘ cells, the K* is <lruwji 
back a,nd the ionic j)a.ttern of the n‘d (rells 
nUairns to normal. Similarly, ifalmormal 
stor(‘d red cells are. inj('cted into the 
circulation of a recipient they be,comc 
normal (** re(H)nditioiied ) in less than 
21 hours with resj)ect to Na^ and K' 
content, voluln(^ shape and saliin* fragility. 

The high plasma-K • cjoiicentration of 
stored blood must be borne in mind, as 
Ki in excess has toxic effects on the circulation ; these may be avoided 
if the transfusion is pcrforrnctl at rates not exceeding 40 c.c. per minute. 

Pl/isma can be store.d in the llyiiid form for many months ‘ : if dried it can 
be kept for years and under all conditions of temperature ; it can be recon¬ 
stituted by adding sterile water. Plasma is of great value in hfemorrhage 
(1 hough not quite as satisfactory as whole blood (p. 8(>)), traumatic shock, and 
burns. Conditioned plasma (p. 181) can be given in very large volumes 
without ft*ar of agglutinat ing the recipient's red cells. The ])hisTnM is prepared 
from large pools representing many donors and some batches may carry the 

^ Stored jdasma iriay occasionally develop toxic properties owing to some alteration 
taking place in its proteins. On intravenous injection it then produces a slowing of the 
heart and a fall of blood pressure (due to cardiac inhibition and vasodilatation) and dis¬ 
turbances of respiration. Tlie toxic plasma seems to damage the lungs, stimulates local 
vagal endings and sets up afferent impulses wdiich rcHexly produce the circulatory and 
respiratory changes mentioned ; the c.hanges are prevented by section of the afferen 
pulmonary vagal fibres. (Gilding and Nutt, J. Physiol,, 1944, 102, 446.) 
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DURATION OF LIFE OF RED CELLS 


virus of iiifoctivo hepatitis. For this reason transfusion with the poly- 
sacchariile “ Dextran ” (0% in saline), is preferred l)y niany. The lar^e 
niol(H‘iiles of this suhstaiuM* an^ well r<‘tained in the* circulation and lielp to 
maintain the blood ]m\ssure. 


FATE OF THE RED RLOOD CORPUSCLES. JAUNDICE. 

Duration of Life of Red Cells.*- Once the reticulocyte stage has been 
passed there are no means of determining how old any particular erythrocyte 
is. The average* duration of life of erythro(*ytes in man is 3 or 4 months (and 



Fig. ]0.'{. —Survival Time of Transfused Red Blood Cells in Man. 

IMoo«l of Group 0 was transfused into patients of Groups A, 1*. >»r AU. Ilrd-eell 
ruunts wtrn? performed after aKKlutiuatin^ the recdpieiit’s own ( ells with afi sera. 
The ordinate rejwe.sents counts of Groii]) O cells only in recipient's hlood. Note 
that the injected c*dls may survive for JUO days. (Scarhoroujzh, A’rfj/o /uW. ./.) 


not 3 or 4 weeks as previously supposed). The evidence is as follows : a large 
volume of (Jroup 0 blood is transfused after a luernorrhage into (say) a Croup 
A B recipient, (’ounts of Croup O cells are jierformed at intervals by dilating 
sfjccimens of the recipient’s blood wdth fluid containing serum a and fi which 
agglutinate and precipitate the AB cells which are then filtered off. Typical 
r(‘siilts are sliown in Fig. 103 ; the transfused cells progressively decrease in 
number but some arc still pn\sent after 70-100 days. 

Rki) Cell Suuvtval Time i.\ DiSP:ASE.‘^ - The survival time of red colls 
in the body is reduced wdien (i) the cells are abnormal or (ii) the hmniolytic 
system is abnormal {i.r. the normal destroying mechanisms are excessively 
active or abnormal haMnolysins are present). 

(i) (a) The red cells of patients with congenital haemolytic jaundice 
(p. 229) and pernicious anaemia (p. 196) are destroyed excessively rapidly in the 

* London et al.^ J. biol. Chem.^ 1949, 170, 463. 

- Molliflon, Clin. Sci., 1946-48, 6, 137. Singer and Motulsky, J. lab. din. Med., 1949, 
34, 768. 
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patient’s body, thus procJucing or contributiiit; to the anaemia. If these cells 
are transfused into iiorinal subjects they are also rapidly destroyed. If 
normal cells are transfused into the patients their survival time is'norrnal. 
These observations proven tliat in (‘ongenital luemolytic jauTidice and f)ernicious 
aiiaemici the red cells an* abnormal but the luemolytic mechanisms are normal. 

(/>) R(id cells that have*, been stored in rifro, es])ecially in unsuitable 
diluting iliiids (p. 184), become abnormal and their survival time after trans¬ 
fusion is shortened. 

(ii) In other iornis ol luemolytic jaundice the red cells are normal but 
an*, rapidly destroyed by abnorimil luemolytic m(*chanisms. Normal red 
cells transfused into these ])atients have a short survival time ; the cells of 
the patients when transfus(‘d into normal subjects have a normal survival 
time. 

Destruction of Red Cells. The initial stages in the destruction of 
the red cells are uncertain. The following suggestions hav(* some evidence 
in their supf)ort : 

(i) Intact red cells (presumably the aged ones) are taken uf) intact by 
the macrophages (cf. Fig. 120) : this process se(*.ms to be uncommon in normal 
man. 

(ii) The ctdls as they age are ‘‘ threshed to bits in the circulating blood 
and the fragments (fine haimoglobin-containing dust'’) an*, ingested by 
the macrophages. 

(iii) The red (;ells may umhirgo luernolysis in the blood stream, possibly 
as a result of preliminary treatment in the spleen (p. 227) ; the released 
haemoglobin may {a) be taken up as such })y the macro})hages, or (b) break 
down in the blood stream into ha*m and globin ; tin* luem then unites with 
serum albumin to form methannaUmmin which is ingested by the macrophages. 

(iv) The luTinoglobin may undergo chemical changes while still within the 
red cells ; thus the luem may lose its iron, a bilirubin- globin complex resulting 
(called verdoh(emogJohin) whi(!h may escape from the cell and be taken uj) by 
the macrophages. 

Ultimately, whatever the intermediate stages may have been, the red 
cell is destroyed and the luemoglobin is released ; it is broken down to globin 
and an iron-free pigment called bilirubin. .4s is explained below bilirubin 
formation occurs mainly in the macrophage (reticulo-endothelial) syst(*m. 
The released iron is most carefully stored in the body probably by becoming 
bound with a s|)ecial tissue protein called apoferrUin to form the iron-con¬ 
taining protein,/cm//‘n (p. 204). This “ reserve iron is presumably released 
into the circulation for hannoglobin formation in the red marrow as and when 
required. 

Macrophage [Reticulo-Endothelial] System. —The. term reticulo¬ 
endothelial system is used in this book to refer to certain phagocytic cells 
found mainly in the bone marrow, liver, lymj)h nodes, spleen (and sub¬ 
cutaneous tissues). In the marrow the cells form ])art of the lining of the 
blood sinuses (liitoral cells) ; in the liver they lie at intervals along tin* 
vascular capillaries (Kupffer cells) ; in the lymph nodes they line the lymphatic 
paths ; in the spleen they are found in the pulp (p. 22l\). The characteristic 
feature of the cells of the reticulo-endothelial system is their power to ingest 
foreign colloidal particles ; thus if carmine or Indian ink is injected intra¬ 
venously into living animals the cells take up the dye, are deeply stained 
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by it and so aro easily re(;o,fifnizod. (V*lls of similar bistolof^ical appearance 
which (to not take up these dyes are not included in the retic.ulo-endothelial 
system. Because they invest large particles tlie cells are called ynavw'phaqes. 
The functions of these cells are as folh>ws : 

(1) They ingest and destroy r<‘d blood corpusch‘s and form and ndease 
bilirubin (/a/m). 

(ii) They ingi^st bai'teria and are thus concm-ned with the didcnce of tlu* 
body against intection. 1’hey rajiidly increase in mimb(*r under these condi- 
tions with resulting enlargement of the organs which are rich in these cells, 
e.q. s})leen, lymph nodes. 

(iii) They form antibodies in response to the presence of certain types 
of protein antigens : it is suggested that fragments of the superficial cytopiasm 
are releasiMl containing the specific glolmlin antibody. 

The reticulo-endothelial system functions as a physiological unity ; if 
any part of it is put out of action the rest of the system undergoes com- 
peiisatory hy|>ertro|)hy and makes gooil the deficiency. 

Origin of Bilirubin.—(1) In the normal animal, a-nd particularly wheti 
blood destruction is ac.tividy proccHuling, the macrophages (reticulo-endothelial 
system) contain Iragments of re<l cells (Fig. lliti), fret* luemoglobin. or iron in 
an inorganic form which giv(‘s the Prussian bliu* reaction. 

(2) There is a trace of bilirubin in the circulating blood ; but the blood 
leaying tin* sphru and the //o/o* ntarnnc contains significantly higher coiuam 
trations of bilirubin than t he arterial blood, proving that bilirubin is forni(‘d 
in these organ.s. 

(3) Although the Kujirfer c(*il.s of theliyer also make bilirubin, the liyer is 

indis|)ensHble for bilirubin formation. After total extirpat ion of the liver, 

bilirubin rapidly aceumulates in the body; the plasma a.nd body fat are 
coloured yellow, and jaundiee is present in animals whiidi survive for more 
than six hours (cf. [». S2r)). Jaundice develops almost as rajiidly when the 
spleen and the otht*r alKlorninal viscera are removed as well, proving 
that the bone marrow macrophages are important sites of bilirubin 
formation. 

(4) After splenecfoin/f (in the intact animal), coinjicnsatorv hvj>(*rlrophy 
of the other macropliag(\s takes filace, and the rate of bilirubin formation is 
not diminished.* 

Chemistry of Bilirubin Formation. Tin*, first c.hangi* undergone by 
liKun (or to give it il,s full eJieniical name, iron-})rot.o|)or])livrin IX) is the 
oxidation of the ( ? of its u inethine. ( CH) bridge, to C’Dn. The tetrapyrrol 
ring structure is thus broken up ; the four [lyrrol groujis then beconu* 
arraiigiMl as a atrdifjlit vham. Next, the F(‘. is s])lit off, tln’i ri'sulfing compound 
being bilirubin. J’he seijuence of events is set out in Fig. KM, wliich also 
shows that bilirubin ba.s the same side chains attached to its pyrrol grou[)s as 
has liami; it differs from haun in the lo.ss of tin* (111 (rncthinc) bridge in the 
a jiosition and in lieing a straight chain and not a. ring structun*.. 

The bilirubin wliich is released liy the macrophages into the blood stream 
may be called hmnohiliruhin ; in tin*, circulation it is jirobably carried in 
combination with scTum protein. It. is .s(^cn*t<*.(l in a modified form (probably 

^ In hrulsp..% after tin juissage of time tin? }ia?m<»glo]jin of the extravasatecl blood is 
converted progre.s.sively into bilirubin owing to the activity of tJic^ local macrophages; 
these*, however, arc not (concerned with the normal destruction of circulating blood cells. 
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split olT IVorn protoin) l»y thr, hepatic crlls into I,In* hilc )»Mssaj^t?s ; tin* hili- 
rn])in in tin* l)iln is (•allc*! rlmlrhilirnhi h. 

Van DKN liioKXJH Kkac tioxs. Tlmsf*. reactions arc of vahie because they 
enable the two forms of bilirubin, /.c. h;einobilirul)iii and cholebilirubiii. 
to be distin,ffiiisln*d. They are. based on the fact that when a mixture of 



Tn!. lOI. (..luMuistrv of Hilirul»in Koniiatiun. (Al'irr (.(FjiiiirU, .I////. A’.)’. Arad. 

in-ir» IT, /.S’, n:. 7 .) 

A. Cynul riiij; in (ull. 

n. I'yrrol riu;;, rdiiviMitiitnal niitlinr. 

1. H;rni (ir(>ii-]M'ot.opur|iliyriM l\). In 2 and 3 wnly rinj'.** I, II, and «(’ an* shown. 2. Oxidation at. «(' 
ofCH to ('(Ml. 3. I''iirther oxidation ami li».s?, ofHC. Tin- l•'^• .•Uoin i." ."iil»st.i|in n1ly .split oil. Ja»wc>t 

forinnlu j.s that of hilinibin. 

sulphanilic. acid, il('l, and sodium nitrite is added to bilirubin, a reddish or 
reddisli-viol(‘t coniftound (azohUirubin) is formt'd. Two kinds of reaction can 
be obtained : the direct and the indireed. 

(1) Direct Reaction. Tin* serum is treated dirt'ctly with tlie reagents. A 
positive response consi.sts of the ap]>earaiice of the characteristic colour : 
(i) rapidly, i.e. the maximum colour int(msity is attained within 30 seconds ; 
this is the prompt direct reaction : or (ii) the colour develops slowly but is 
obvious within 10 minutes ; this is the delayed direct reaction. If no colour 
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appears within 10 minutes the reaction is negative. A positive direct reaction 
is given by cholebilirubin, i.e. the bilirubin which has been secreted into and 
is present in bile, or the bilirubin which has passed back from the bile into the 
blood. Hiernobilirubin gives a negative direct Van dmi Jlergh reaction. 

(2) Imlireet Readion .—The serum and the reagents are mixed and then 
alcohol is added which preci])itat.es the serum ])roteins. A reddish colour 
indicates the presence of bilirubin. Both fornis of bilirubin give a f)Ositive 
reaction. 

The qualitative Van den Bergh reactions are less helpful clinically than 
the corresponding quantitative reactions. When the latter are used the indir(*ct 
reaction determines the total amount of both forms of bilirubin; the direct 
reaction gives the amount of cholebilirubiii; the din’erence betw^een th(i two 
values re|)resents the amount of hsemobilirubin. 

The main differences between the two kinds of bilirubin are summarized 
below ; 


IL-EAlOBILlKUniN. 

Normally present in blood-serum. 

Increased in amount in Ineinolytic 
jaundice (“ retention jaundice "). 

Gives a negative direct Van den 
Bergh reaction. 

Gives a positive indirect Van den 
Bergh reaction. 

Extractable by chloroform. 

Present in serum in the form of (f) 
bilirubin albumin. 

Not excreted in the urine. 


C^HOLKlllLlKUniX. 

Normally present in bile. 

Appears in serum in obstructive 
jaundi(*-e (“ regurgitation jaun¬ 
dice ■). 

Gives a positive direct Van den 
Bergh reaction. 

Gives a positive indirect Van den 
Bergh reaction. 

Not extractable by chloroform. 

ih-e.sent in bile in the form of (^) Na 
bilirubinate. 

Ex(jr(‘t(‘d ill the urine. 


Serum Bilirubin Values.-- The normal adult range is 0*2-1*7 mg %; 
(in 93% of normal cases the level is below OcS mg- ’,',) ; values over 1 mg % 
are unusual; the mean is 0*5 mg-’’^. Tn new^-born infants higher values are 
obtained (p. 192). 

Jaundice. —Tn jaundice there is an abnormally raised bilirubin content 
of the blooil, with resulting outflow of bilirubin into the tissiu's. which con- 
seipiently become stained yellow. Thre<^ main varieties of jaundice may be 
recognized : 

(1) TL'EMOLVTIU Jaundice.^—T his results from excessive destruction of 
red blood cells, with consequent formation of bilirubin more rajiidly than the 
hepatic cells can cope with it; excess hairnobilirubin thus aiauimulates in the 
blood (“ retention jaundice ”). Tiapid hannolysis may occur after transfusion 
of inconi|)atiblc blood (j». IHl), experimental injection of lueinolytic sera 
(p. 170) or of poisonous agents like arseniuretted hydrogen, in ])ernicious 
ansemia (f). 196), or in congenital luernolytic (acholuric) jaundice (p. 229). 

In hajmolytic jaundice, although bilirubin accumulates in the blood, the 
bile acids are passed out normally into the intestine and their concentration 
in the blood does not rise. Haemolytic jaundice is therefore a “ pure pig¬ 
mentary cholaemia ’’ or “ dissociated jaundice ”—the bile salts being treated 
differently from the pigments. 

^ Davis, Edin. med. ./., 1943, 50^ 589. 



JAUNDICE 


19] 


Other factors may contribute to the jiroduction of jauiuJico in these 
cases : (i) The haemolytic agent may damage the liver cells, irTif)airing their 
power to secrete bilirubin from the Idood into the bile ; the livc'r cells may 
become swollen, blocking the bile canaliculi. (ii) Tlie raised bilirubin content 
makes the bile very viscid and may lead to the formation of Inh* thrombi; 
the How of bile is slowed down, with resulting rise of |)ressure in the bile 
passages and back-flow of some cholebilirubin into the blood. In unconi" 
jilicated hamiolytic jaundice, bile pigments are absent from the. urine, but 
an excessiv(^ amount of urobilinog<‘n (p. UH) is excreted. 

(2) Toxic AND Tnkkctivk Jaundice. - The liver cells are poisoned and 
consequently th(*ir f)ower of secreting bilirubin from the blood into the bile 



t'lo. 105.—Dislribiition of the two types of Bilirutan ia t he 
8cruni in an Illustrative Series of cases of t.laiiiK]i(‘e. 
(Modified from (jlreen et al.. Arch. ini. Med.^ IU3S, 67, 
658.) 

A. Haunolytic .laiiiulice ; It. Hep.'ititis : C, H**patiiis aiul Cirrhosis; 
D. Stricture, of Itilo Duct; E, F. SUuic in (.’oinuion Hilo Dinrt ; 
O. Stone in llilc Duct hiuI (Urrhosis; II. Carciiuuiui <»r Llvrr; 
K. Fortal Cirrliosis. 


capillaries is impaired : lnr*mobilirubin is consequently retained in the blood. 

Frequently an obstructive factor is also present: (i) because the liver 
cells are swollen they tend to block the bile canaliculi ; (ii) the inflamniatorv 
process may involve the l>ile ducts ; the bile capillaries may thus become 
plugged in places by an albuminous coagulable mat(‘rial. The distended bile 
capillaries above the block may even rupture with resulting return of chole¬ 
bilirubin into the blood. 

(3) Obstructive Jaundice.— In this condition there is an obstruction 
to the outflow of bile from the bile passag<\s into the small intestine, l^iliriibin 
which has already been secreted from the blood into the bile, i.e. choldnliruhin. 
is passed back into the blood where it accumulates (" regurgitation jaundice ”). 
Obstructive jaundice may b(». due to some gross cause such as a stom‘ in tin*, 
common bile duct or a carcinoma of the head of the pancreas. In such 
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conditions all the bile constituents (pigments and salts) are returruid into the 
blood and do not reach the intestine. Bile pigments a|)pea.r in tlui urine when 
the serum level exceeds 2 mg-^!;,. 

As explained above tliere may be an obstructive factor in Inernolytic or 
toxic and infective jaundice. In some grave alfections of tin* liver such as 
acute hepatitis (p. S3^i), wid(‘spread necrosis of liver c(‘lls occurs. There is 


th(‘ii not only .secretory failure but 
bile ca.|)illaries and any bilirubin 
eliolebilirubin into the blood. 

From wliat has been .said above i 



in(i. - 1‘la.sma Hiliruhiii Oiuitrnt in 
lilmxl of rniljilic.'il (’onJ and 
Xatal Life. (Jondlay, lli^gin.s and 
Stanicr, Arr/i. /)l.s. ('hildh., 1047, 
tio.) 

A of noMiial infant'* \v;i.s I'xaniiiH'tl. WIioii 

tin; |ilasni:i liiliruliin •■xfjM'ds nm i-liniral 
jaiinai<v is jircsfnl.. 


many liver cells bt*coin(* cut off from the 
that is still secreted is pas.stnl back as 

is clear that, although cases of jaun(lic(‘ 
(‘ati b<^ us(‘fully divided int-o three 
main groups, consid(?ral>le overla])[)ing 
occurs, more esjiecially between tln^ 
.second and third groups. Thus, in 
“ pure ” toxic and infective jaundi^‘(^ 
luemobilinibin alone should acciimu- 
lat(^ in th<‘ l>loo<l, giving a |)ositiv<‘ 
indirect reaction oidy ; in " pure ol)- 
.structive jaundice, only eliolebilirubin 
should aeeuniulaU‘ in the blood, giving 
both a positive din‘et as well as a.n in¬ 
direct reaetion. Fig. lof), however, 
presents tin* actual blood findings in 
.some illust rativt* (*as(‘s of jaundici*. In 
the case ot‘ haanolytic jaundice studi«*d 
lia'inobilirubin alone was markedly 
inereas(*d. as would be exp(a*t(‘d (Fig. 
105, A). In tlieca.ses of liver damage 
(hepatitis, carcinoma, cirrhosis (Fig. 
H)5, li, C, 11, K),rholrhllirahlH as W(*.ll 
as haanobilirubin was |)resent in ex¬ 
cess, ami nnex|n*ct.edly the blood 
gomaally contained more, (‘lioleliilirubin 
than bilirubin. In the (ai.s(*s of biliary 
obstruetion the h;enio})ilirul)in as well 
as the eliolebilirubin was rai.scd (Fig. 
105,]), K, F; in (1 tin* liaanobiliridiin 


was normal) ; in fact in the exainples shown the.nj was surprisingly little 
differencf^ in the blood bilirubin pieture betw(M*n the eases of liver damage 
and of biliary obstruction. (For diagnostic value /hfrahifioH (fsf,s\ .see ji. S31.) 

jAirXDICK (11 VPEUniUlUJlUiX.KMlA) OK THE NfiW-IiOUX (JcTEIlUS Neo- 
.VATOHOM).^—As niejitioned on p. 190, it is unusual for the plasma lulirubin 
eoncfaitration in normal adults ti) exceed 1 nig-% ; higiier values are, 
however, V(‘ry comrmm in normal young infants. In f>H of llO normal 
new-born infants the plasma bilirubin in the umbilical cord blood cxcet'ded 
1 fng-%. In many infants the biliruliiu level continues to rise after birtli 
to a jieak whicii is generally n^aclnal during the tirst week, and then declines : 
if the jilasma bilirubin exceeds 5 mg %, (*linical jaundice is always pre.sent. 
In 73 normal infants examined, the peak bilirubin hivel attained during the 


^ Findlay, UigginH, and IStaiiier, Arch. Dis. Childh.^ 1947, 22, 65. 
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iirst h) (lays (‘xc<.*t*(ie(l J in 34 ; il. (*x(‘<M*dtMl 2 in 2S of tlu'sr, 

Uni higlifst valiio notod boing 20 nipj ; JS cases showed clinical janndic<*, 
tin* so-called irJarus 'tteonaioruiu (Fig. 10(>). Tlie cause of this physio- 
ktgical ” jaundice of the new-born has been much discussed. 

(1) The jaundice has b(‘en attributcfl to excessive lueinolysis. In support 
of tliis view it is emphasized that a raj)id fall of red cell and lucmoglobin 
concentration normally occurs after birth ; the fall is maximal during the 
s(‘Cond week and may continue into tin* third nnmth ; as a result tin* blood 
])icture changes from one of polycytluemia (l>y adult standards) to one of 
amemia, (Fig. 100). liut the usuai evidence of excessive luemolysis is absent ; 
thus no ha*molvsins have been demonstrat'd and there is no raisetl saliiie 
fragility of the red c(*lls ; there is no n'lationship betwee?i tin* tinn* of ousel 
of the fall or the rate of fall of the red cell count and the ons<!t or the severity of 
the jaundice. The fall in the r(‘d cell coimt immediately after birth is jirobably 
dm* to (hrrrased aefivihj of thu ml marrow and not to increased luemolysis. 

(2) The jaundict* of tin* new-born is probably dm* to hejtatic imwatarift/. 
.Many physiological functions are imj)erfectly carried out in the m*w-born, 
f\(/. temperature regulation, voluntary movements. la ah'ro tin* bilirubin 
fornn'd is mainly eliminat(‘d via tin* jdarmta ; it is secreted to a. lesser extent, 
bv the liver into the bile and reaches the intestine to form tin* green mrconiow, 
linmediately after birth the liver has to eliminate all the bilirubin formed : 
it would seem that frecjuently the liver is unable to deal achnjuately with this 
ta.sk during the tirst 10 days of life ; jaundice tln'mldre dev(‘lops. .P>i]iru])in 
excretion in the fa*ces in t hese jaundiced infants is ahvays d(*(*rease<l. 

Kxcuiktion of Bii.f IbcnMEJXTS JN Uktnk.- Haunobilirubin is not excreted 
by the kidney, but cliolebilirubin is excreted wdien the. plasma, level (‘xc(*ed.s 
2 mg ‘b,. in general then, haunolyth* jaundice. tt*nds to be acJadaric (p. 22t>), 
l.r. there is no l)ih‘ pigment in the urine ; in obstructive ja,undif*e, however, 
bih* pigment (and bile salts) a.[)pea.r in the urine in amounts which are ])rO“ 
j)ortional to the conccnt.ratjon of these subst.ances in the blood. 

Fate of Bile Pigments In the bih* passages bilirulnn is oxidi/.(‘d hy 
the loss of 21J to fylllrndin : the pyrrol side chains are unaffected. lb‘dm't.iou 
t)f the bile |)igim*nts occurs in the intestine t-o arolnlinofjcn (stcrcohUiaogra). 
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(Stercobilinogen) 
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Tin* reduced |)igun*nt, urobilinogen (stercobilinogen), is excreteil in the 
fieces : on exposnn*. to air it is oxidized into urobilin (stercohiliji). About- 
half tin* j)igm(*nt excreted in the bile can be demonst.rat(*d in the fa‘(*cs. 
Sorin* is reabsorbed from the intestine into the portal blood and reacln*s tin* 
liver where it is largely re-excreted into the bile, although a little e.seapes 
into the systemic eireuhition to be excreted in the urine as urohilijn)g(*ii 
(wdiieli on (‘X])()sur(' to air becomes urobilin). It is alh'ged that li\'t‘r damage 
allows more of the absorbed iiroliiliii to j»ass through ; the amount of 
urobilinogen in the urine is thus increased. The amounts of Idle pigment 

7 
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derivatives riorinaJly excreted in tlie ia‘(*(\s is 4()-2S() mg.. eonif)ared witli 
0 4 rng. in the urim*. 

In lucmolytie Mmemia, heeaii.’<(*. of exeessivt* formation of Inemohiliriihin, 
liiere is increased excretion of cliolehilirubin. and more nro])ilin (stercobiliji) 
is formed in the intestine. As largt'r amounts 4»f urobilin are reabsorbed ijilo 
the blood there is an e.xcessivt* excrt‘tion of urobilijiog(*n in the urine. 

It is clear that no particular care is taken in the laxly to prestuva* the 
])yrrols d(*rived from the breakdown of htein. Tliis may be rirlated to tlie 
fact that tetrajjyrrols can be readily s//nfJiesizr(J in the body from simple 
(‘(mstituents like glvciiu- (p. <S80) or "acetic acid units *' (|). 87d). 


REGULATION OF ERYTIIROPOIESIS. PERNICJOUS AN.EIMJA 
AND O'rilER MA(‘ROCVTl(^ AN/EA11AS ‘ 

Regulation of Erythropoiesis. —The main factors inlluencing erythro 
poieais can be classilual as follows : 

A. Gen’EKAl Stimulants.—(1) Aytosia, Oxygen lack, wh(?n siifliciently 
severe, stimulates red cell formation in the marrow and increases the red cell 
count. Anoxia is res})orjsible for the polyeytha'inia at higli altitudes (p. 1 lo) 
or of congenital heart disease (p. Lvi), for restoration of the red cells after 
hamiorrliage (j). 84), and for the marrow hypertrophy wliich (X'curs in many 
aiuemias. Uonversely a Ad/A ojv///c/v prrsstitr (Irprcsscs rnjlhrofKyiefus (Fig. .107 
and legend). 

(2) Thyroid ~ Aw thyroid deficiency (inyxoHieina), owing to depressed 
marrow activity, aiuemia (macrocytic and hyfxxthrornic) commonly occurs 
which responds to thyroid imrdicat.ion (but not- to iron or liver therapy) 
(Fig. 108). Thyroxine y»robably has no specific stimulating action on the red 
marrow but acts as a gemual metabolic stimulant, tlie, inarrow participating 
n the widespread tissue re.s]>onse. 

(3) Although many cases of clinical scurvy are aiiiemic it 
Inis been shown that jmre cowpJeh: vitamiv-C lack does give ris(* to amemia.- 

P. F.AC'roiLs ATFLa'TiNO iUi.Mooi.oiiiN FoKMATirjx. Oertain raw materials 
must lx* available in adetpiate amounts, namely, ir(m for haan (]>p. 205 rf. soy.) 
and prof<-in for globin formation (p. 210) ; copper is also nctxJed in minutt* 
amounts (p. 213) (though its mode of action is ol>scun‘). d'he porphyrin of 
Iwcin can Ix^ readily syntliesized in t.he Ixxly. 

C. jVlATf'UATTON Fac'JOKS. - (J) Knflolhf'Jial CeJl >Prneryfhrohhist (MryaJo- 
/>/(/.s0 — Nothing is known about the factors corKauned in this initial ]dia,se. 
of red cell formation. Arrested development at th(.‘ stage of th(‘ endothelial 
cell leads to aplastic aruernia. 'rh(^ areas where red marrow is normally found 
are fatty and devoid of erylhioid cells ; th(*re is a y)rogressive decline in the 
circulating total red cel! volume (Fig. 49) ajul the t(m 1 cell count; death 
ultimately results from anoxia. 

(2) Maturation of Nucleated lied (■ells (Eryfhrohlasfs), —For this stage of 

’ \\ liil by and .hritton, !fisortlrrs of tin fitofuL .bnixinii, Ktli edn., (iidi bildiog.). 

" Aniiiiid cxpcfinxaiLs suggr.st (iiat ctTtain incndicns n| IIm* \ ifaiiiin-/* ^roufi art' 
iii\(>l\r<I in red (<41 fV<r?n;ition, rjj. pyri(Jnxinc, riLollaA'in, an<l nicotinic aci<I. There ih- 
no cvi(Jcncc that their aiweiict^ is n.4atr‘d to human arnemia. 
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107. <>r lliuli 1 lAyjrcn ('oMcc'nlr.ilious on ICrvlJn’o- 

jit»ic.<is. (Mn<»r»’ it iil.^ J. rliii. Innstiij., 1044, 

,V (ifai»ioiui;i. In tlu^ disra.-o tin- alniormal n'd .••■ll'; an- 
rapidly ((••'irroycd ; thf Imhh' marrow' lu-oomos liypi ipla-iic ami 
Vdiiiiu nd c. lis 1‘iit.t‘r tif firnilation i»ri‘mariiit l\- liadhr.: In an 
ini-roasi'd nd ifuIo**ytf fount. 

liiilially llir n-d crli rount wa'i li w million, flu* ha inotrloltin {•i.>iM*<‘nlralion 
II M h;» iiiali"Til vahu- (rt<l (-(‘ll volimu* ','«>) ‘l**"*.. ri tit■ldn^yt(*^ 
:io I'lifi' ()> was |in*:il.lM‘d tliroiiuli a. iii.isk lor :i0 day", hurinu 

fliis period (In* n ti<iilofyf<• cfuml Ivdl, indi<*atim.' depn'.'.sed rrytliro- 
|ioii.‘sis. Tin- red fell fount and li;c‘mot;iohin forifriil i;»l ion (i ll hfr ausr 
ih'vv r<‘d cell I'ornia I mii was not U«‘epinv» (lai.M* with rf<i »‘fll dfst niction. 
On rfliirnimr to air. inlt’iisf ei vihropoif.si> w;ts rfsuiiifil a." "Ikumi hy 
llu' iiifrease ill tin* rrlifulofyle" (to over .'lO*',,) and flu* ri'^i' in llie rf<l 
fi-ll f.onnt and li:fmo;.rlohiii ronffiitraTion. 



lOS,— .Aidion of 'Diyroid mi An.-oini.i 
of Alv'xa'deiiia.. (Sharpr, ./. 

maL AV/., 1M37, J!M, 385.) 

Ordinatfs from abovi; downwarils ; n^d Cflls in 
millions ]K'r f.niin. ; ha;mof;lobin ; Jt.IM.H. 
(basal mntabolif. ratf); O — normal, 40--- 40‘’i, 
jiflriw normal. 

Initial hiumonlobin 8ti%, rod coll count 41 million 
piT c.mm. On iron therapy (4r» f^rains KfNll 4 
citralf daily) tbo ha'mofjlohln fell to 7()% and 
the red count to million ; meun i;orpuscula.r 
volume {>2 mean corpuscular h.’emoi:rIobin 
41 X in .Vflcr three, months the IJ..M.K. 

w'as detiTinined and found to be - Iron 

tln-rapy was disfrontinued and fh> roid e,\truct, 
2 i;rinns tiaily, given. The improvement in the 
blooil rouLibly jiaralleleil the rise of 
After six montb.s the luemoglolun was 120% 
and the red eell eouut a-b millions. The 
U.M.H. was 20% abo\e uorinal. 
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rKRNIClOUS AN.KMIA 


devolopmeni a specific maturating principle is necessary, the havutthdr 
principle, whicli is ibrnied in the stomach by the action of a gastric enzyme 
{intrinsic factor) on a food constifin*nt {i'shinsic factor). In tin* absence of 
hicniatinie jirinciple tlie blood and marrow changes characteristic* iA' pcrnicinns 
iunnnia (and ol li<‘r so-eailed mcfjftlohJastir (tntnnias) are found. 

The evidence' for the aliove statements is given on pp. IbS cl seq. 

Pernicious Ansemia. This elisc'ase is due to the a bst'nce of the hn nnitinic 
principle which n'giilates the maturation of the nncleatc'd red cells in tin* 
marrow. The principal changes in pernicious amernia are as follows : 

(1) B(»\e 1\1 ah now.---Owing to the' aiia'mia and the r<*sulting anoxia the 

red marrow is stimulated, y’.c. it becomes hyperplastic and spreads througliont 
the shafts of the long bom^s {e.y. femur, tibia, and fibula, and tin* corn'sjionding 
bones of the arm). TJie nuchiatial red cedis in the marrow are not only greatly 
increased in mindier but also show (diaracteristic jieculiarities. If the succes- 
siv<‘ nucleated cell stages in mytlirnpoiesis are called Stages J, II, III, and J\' 
then in pernicious amernia the early stages (I, 11) arc more nunicr(ms (c.y. 
70;;,) than Stages 111 and IV (dt>';',) ; nornially the reverse is the case 
(p. l^il). Tin* nucleated red cells differ in their detaih'd cytology from normal 
marrow ervthroid C(dls and are called by British haniatologists, mcyalohlasts, 
early, int(*rm<Mliate., and late (p. Th(*se cells ar<‘ of//rca/cr diameters 

the cyto])lasm becomes prentaturely Jillcd irifh hamoylohin and so becomes 
eosinophil sooner. The nuchns of the early, intenm'diate, and lab* nH*-ga.loblast 
is mon* primitiv<* than that of t he corresponding normoblast- and the. cliromatin 
is liner, s|)arser and less regularly spac<'d ; much diagnostic* sigJiilicance. is 
attached to these* chromatin changes, d'lic late mcgaloblast Jesses its nucleus 
and becomes a non-iiiich*ati‘d laryered cell or macrocyte. Althougli the ervthroid 
cells in the marrow cif pernicious anamiia arcj very numerous most (If tlnmi 
fail to mafyre l)eyond the early megaloblast stage* ; as the complete rijaming 
of the nucleated ccdls is inhibited, few(*r mature* rc'd e*(‘lls enl(‘r the circnlatieni, 
with resulting anjcmia. The overaetive marrow of p(*rnicious amemia is 
describ(*(l as showing meyalohlastic hyperplasia. 

(2) Blch)!) (hiANCjiKS.—The number of (•i?*e*nlating red ce*l]s is greatlv 
reduered, counts of I million eedls per c.nim. not be*ing rare. Fig. ‘Jl shows 
that the average diaim‘t(u* of the cedis is W(*ll above normal (cAf. tS-2 p) and 
many cells may liave diametems of 10 or 11 // ; the cedis have a larger volume 
(95-100//•* (average normal S?)), the mean ee>rpuseiila.r ha‘m()gle)bin eemcentra- 
tion i.s the normal 35'’,,, but the hiomoglobin content of ejach cell (mc'aji 
corjniscular hiernoglobin) may be as miicli as 50 X lO g. (norma.l 30). This 
means that the Inemoglobin cone^'iitration (ing -'’^,) is Te*due(‘.d j)n)pe>rtiona.tely 
less than the red cell count (in millions per c.mni.). Nucle^ated red cells may 
sometinu's be S(*en in blood tilms. The granulocyte's and plateled-s are; com- 
7nonly re'duea'd in nund>cr probably bc'causei of enc road mien t. of tlie; mc'galo- 
blastic tissue on the space available in tlie marrow. 

There is evidence that the abnormal circulating re‘d cells are undergoing 
excessive drstraction ; the* spleen, marrow, and lymph glands may show 
intense jehagoeytosis of red cells, the seuiini bilirubin may be elevated in 
consequence (the average concentration in ])ernie*.ious a-memia is 0-9M mg. 
compared with 0-31 mg in normals) and a low grade id jaundice is jiresent. 
If the cells of a jiatient with perjiiciems anauriia are inj<*et(.‘d into a normal 
person, their survival time is less than normal (p. 180.) 
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II.KMATIXIC PIUNC’IPLK 


intramuscular injection can be restored to, and maintained in, good health 
indefinitely. The active agent in the liver extracts is called the hwmatinic 
jmnciple. A highly potent //-containing crystalline substance (mol. 
wt. 1500) has been" isolat(*d from liver extracts ; it is commonly called 
vita ill in-/>*j.>-^ little as 1 //g. givtm (hiharfHOVsi/f or iatranum'ularly) daily 

restores tlic ldood to normal and relieves the neurological symptoms.- 

Action of Haematinic Principle in Pernicious Anaemia. The first 
sign of improvement after commencing livin’ therapy is an incriMst* in the 
number of (‘in’ulaling i(‘ti(;uloeytes (rc//ce/ec///c rrspnnsr) ; within 1-12 days 

they reach a ]>calv level and Jiiay 
constituti* 15 10'!,-, of the total red 
cells. Tills response always heralds 
a. genm-al imjuovement in the con¬ 
dition of the circulating l)l<)»)d, and 
the hanioglobin I’oncentration and 
red cell count soon begin to rise. 
The. number of reticuhx’vtcs tlicn 
falls to normal, but tin' lucmoglobin 
and ri’il cell h'vcls (‘ojitinuc to risi' 
until the normal state of tin* bl(»od 
is n*storc(l (Fig. I Hit). 

.Modk or Action ok JI.kmatixic 
JhiJNciiM.K.’^ (i) Within as short a. 
period as 0 -9 hours, and [nvfore there 
is any cliangi' in tin* circulating 
l*loo<l, the bone marrow begins to 
change its ajipearain'e (Fig. 1 lO). 
'Ibe earlier megalobiasl ic cells {i.e. 
Stages I ainl T1) which are initially 
the ilominant cells bcc.mne progres¬ 
sively lransl'ornn‘d into the later 
stages (/./'. Stages III and iV) ami 
all the marrow (;ells rev(*rt incn'as- 
ingiy to tin* nontKthhistic type: in 
other woj’ds. Inematinic. principle 
promotes tin* in(tl uralinn <»f the 
<*rythroid c(‘lls and enabh's t ln*m to 
follow Ihr, normal liar of dnvwJopnwnt as regards cell size and tinn*. of 
a})f)earance of the hienioglobin. ;\s the red cells (•om]>l(*te their maturation 

'(iiviMi fnj mouth, :UUt aOO arc Tu*e<lc(l <lailv. Kor tla* rlirmistry oC vitamin-/>,j, 
and diaaiJcd clinical reports sec Lf*stcr Hinith, lirif. uud, IU4!I, ii, ; Idiglcy, if/id., 
JIITO. 

- Folir Acid (ptcrovi uliitaniic acid), wlii<'li is clicniicalh' fjiiilc nnrclaf.cd to vitainin-/>, ^ 
and is n(»t intrinsic or extrinsic factor, restores the inairovv and Mood to ncaanal in 
]>ernicious an.emia, but urdbrtniiatelv afjururalcs or induces Ihr vcurohujin/l. chamjc.s. 
It is, Iberefore, of no therapeutic value in t his eonditioii. h’oliit acid <‘linicallv rest (ires 
the nuirr<i\v and hlood t<» nonnal in luegaloblustic ameinias due to many causiis : e.g, 
sprue, idiopathic steatorrlnija, pregnancy, and nutritional d<‘ticioncies ; it is prolialdy 
unwise t.o use it for other than .short perifxls heeause of tlie danger of damage to the nervous 
system. 'Kho al)S('nce of fulie a,cid from the diet of ehiekens produces a macrocytic liypo- 
chromic, amemia, Jcueopenia, and throiiibopenia. 

“ Davidson, Davis, and Innes, Quart. J. Med., 1942, 7/, 19. 
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HOURS 


l:'n;. IIU. MlVeet of Liver Jvxtnict 
(Ilaunatinic Principle) on Krythropoiesis 
in I’crnicutUM Ana'mia. (l)avidson /7 «/., 
Quart, d. Med.. J942, U.) 

onlinatc : I’rri'fiilam-(lisfrilmtion of «liflKr«‘nt tyin-.s 
of iiiiclfaltal naf (I. If, IJJ, and iV; iii 

sternal htuir-fhiirriiu- I'lluii. 

A: Uoiir.« aft'-r iiijcetinir livt-r e.vfract-. 

f)i‘lefmiuati()u.s were made at U. 2S, 4:{, and 
17:t liour'^ (averimt's •>! li! eJiNes). 

Staj/cs I, II, 111. and JV ; siicee.'.siv*' stages in 
matiirafloii of rnicli'atrd red rj-ll*; (<f. p. ffUi. 
tlrUnf treat»lient, as the inaiTow i.-» uu f/utoUaxiif^ 
sraiies I IV iiM ludi- file earl>. internieiliali-. 
and late iiiet'afoldastM. 

Stages I and Ii iiiitiall\ i*oii^.tituted 70% ol the 
marrow er> ffiroitl ee|K ; stages III and IV were 
do",,. Affi-r li\iT freatmeiit stau'e I was less than 
in",, and staire III over .’in",, ; tin; cells had aKu 
mrrU fi the. unnunltluKt>.r ft/pf. 
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Fio,. 111.—Effect of I.ivrr Extract in rernieioua Anjcmia in relation to Initial DegrvtJ of 
Anjcniia. (ChhMc et al., ,L din. Inrefitig., 194(>, 26, SoO.) 

A. Wholr traiiHfiisilun or c«)iict!ntratcil rt‘il (•ells iujecteil iiitrsivriu)usly. lOul ctll ctmnt mid tiittmo- 

^lobiri coMc.i-iitriit ion raised Irom I*a inillina and :io% to 4';> luillloti uiut n\s|M‘i’tivt*l>. 

Injrc.t liviir i-xtrart as indicated. .No rctiniloeytosis di’vriops. tlioii^ti tiuT«* is a fnrthi'r iinprovcniont 
ill till* red cell count. 'I'iic platelet count and white cell count rise. IMl.r. concenliati; h expressed 
as orijilnaJ volume of l.dood la-lore nunoval of pin.sina. 

U. lied cell concentrate corrcspondlnfi to dOOO c. r. of whole Mood was injected intravcnou.sly. 'I'ln- red 
«cll count and laemo^lohin •■onciMitration were raised from Jd) million and l!!)",, to :ei) million and 
IMP'J, rf?speetivelv. Ahont .•1H (lavs nere allowed to elap.se without treatment ; the red eell eoiint 
fell to ;V0 million and the, h;enio'i;lohiii coiiceiitraiiou to Liver extruet was tludi injected. 

Noti‘ inuiHMliale retieiil(»eyte rc.spoiise (tioni 1 to 3o‘*f,) followed by slow recovery in red eell count 
and hauno;,!lol.iin eonemirraTion. 
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yoiin^ n‘ticulocytos be^iii to appear in the (.‘inMilatioii (ret t nil or (fie resp<nise) 
and subsequently the red eell (*ount rises. The newly iornied red e(?lis are 
[lorinaJ in size, i.e. thev" an* nornioeytes and not niaerocytes ; they also no 
Ioniser under;y;o exeessively raj)id desirnetion. '^riu* ha‘matinie prineiph^ thus 
inhibits the pr'oeess i‘espt)jisibh‘ for the undin* peripheF'al ha'iiiolysis possibl\ 
bv^ jHoniotini* the J'orination of r-ed cells of normal striiehiie: the serum 
bilirubiji eorn'spoiidinuly returns to normal. 

(ii) il.‘emat inie prineiph* also acts on the other tiKirrote elements as slu.)VVii 
by the coincident increase in the white cell count (Ki^. lOif) and in the blood 
platelets. 

(iii) Witliin a. few hours of liver treatment tlie patient leels stroupM*. and 
some of the characteristic symptoms such as loss of a])])eTite, apathy, and 
dig(?stive distur})anc(^s disa|)f)ear, though the red cell count is as yet unalt(‘n*d 
and the anoxia is not ndieved. If a transfusion of concentrat<a] r<*d cells is 
i^iven to an untreated cas<‘ of ])erjiicious amernia (to r(‘store tiie red cell 
count to normal) th<^ symj)torns dii<^ to anieinia and anoxia (pallor, breathless 
ness, paljutalion) disappear, but the sense of well-lH‘in^ is not restortid. 
Hjematinie ])rinci|)le thus s(‘(Mus to act not exclusively on the marrow l)u( <m 
cell in(d;abolism in ^^ern'ral.^ 

(iv) If haunatiiiic j)rinci])le is ^iven to a. patient in wIkuii the circulating 
blood has becui restored to normal by a transfusion, the typical marrow 
(changes occur but th(U(i is no retieuloci/te response (Fig- H I)- Li oth(*T words, 
haunatinic principle directly promotes the maturation and normalization of 
the marrow C(‘lls, l)ut the rapid tnrniny out of red cells by the marrow de])ends 
on the stimulus of anoxia (which always induces marrow overactivity). 
Clinically it is found that tin* extent of the reticulocyte, response, is inversely 
related to the rt;d cell (;ount b<*fore tn‘a.tment; if the initial count exceeds 
.‘hb million tlie reticulocyte respons(‘ is slight. 

(v) The chajiges in the stomach are unatfech'd ])y treatment. 

(vi) As many nuclei of Jiormoblasts are destrovaMi during tin? rapid n*covery 
|)hase, there is increased excuetion of uric acitl in the urine from the dis¬ 
integration of the. luicleojuotein of these nuclei. 

Formation of Haematinic Principle. —The meciianism of formation of 
haunatinic principle can now be discussed. This involv(rs consideration of 
the role of the changes in the gastric mucosa in p(*rnicious amernia. Castle, 
carried out the following experiment: a normal person ate a mixed meal and 
allowed it to undergo preliminary digestion in his stonjach; the digest was 
then aspirated and given by stomach tube to a patient with pernicious amernia. 
If this “ treatment ” was continued a typical reticulocytt^ response and blood 
and elinieal improvement resulted. The meal alone, or gastric juice alone, 
given to the |)atient had no curative action. Castle concluded that during 
digestion of a meal in a Jiormal stomach tlie hmiiiatinic ])rincij)le is formed 
by the interactioii of a food constituent (ejirinsie factor) and ii gastric juic(‘. 
constituent (intrinsic far.-tor). Thus : 

Kxtrijisic Factor | Intrinsic Factor-=llauiiatinic IVinciph*. 

Rec(‘nt work, however, suggests that extrinsic factor is actually vitamin- 
7)*jo <»r sonie n*lated fixal constitiKMit and that intrinsic factor inodities it or 
inter ju'Is with it S(» as to promote its absorption from the iotesflue. 

’ ('asllr ft at., ./. rlia. Jiiresliy., 1U4(), SaS. 



INTHIXSK’ 1 AC’TOH 
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Kx'i'itiNSir Ka(V|’(>h. Kxiriiisic r;if*t.or is present in l.ireest amounts in ox 
tnffsrlf\ t/rasf, nnd ycsist extniets like Mannit.c.^ 

Ix'i’KiNSK’ Fa(Tor.- a digest of ox muscle with whole normal gastric 
juice is curative, i.c. luomatinic principle is formed. But if ox muscle is 




DAYS 

t'K:. 1 IL’. K\periMHMital Analysis in a (‘ase ol 

Aiia-inia ol iHirniation ot lla‘inatinie Vriiw iplc*. 

I pjif'r records; red cell count niiillioiis per c.inm.) ; lower 
reitord.^ : reticulocytes J’la* curaiise aelivit> o!' the 
material emi»loyc<l ir* judged primarily l>y ttie n'tiriilnn/tf 
ri’s/nnisr ami .sej-ondarily and later l)y the rise in tin- n-il 
cell count. 

A ; adiidnistcr tiy nionlli r.r. of normal iiastrii* jiiicr 
daily (^inUiiiHc lactor) : no response. 

Ji ; administer by inontli daily, in the inornine. lioit e. c»( 
held niiisele i-extrinsit- factor) incnt»atcd -f-lK'l. and 
in tltc afternoon JitM) e.e. t>t normal tia.'^lrie juice ( —in- 
trinsii* factor) : no resj»onse. '^h^l^> intrinsie facfor4 ex¬ 
trinsic factiu- vJi'cn separately at widely .separalc'd 
intervals are not eiirative, 

(■ : administer by mouth daily :20n jr. of iMM-fninsele /trcvhmslif 
innihulfil with d(M) e.c. of uoriiial ^astrie Juire : rapid 
full response. 

< onelusion : Intrinsie factorllxtriti'-ie Factor Mamiatinic 
I’rim'iph*. 

(Drawn from data hy Castle and Towiea-nd, Aunr. ./, ///W. 

>c/., I'.CJU. /..s, h)4.) 

incuhated with pure ITCl no activity develops. Similar nepitivc. results an; 
obtaiiKKl on inciihatinjj; muscle with otlier individual constituents of human 
gastric juice (c.q. pepsin, reniiin, lipase), or with liumaii saliva, or with pure 
human duodenal juice ; and, of course, muscle given alone is inert. Intrinsic 
fiictor is thus a hitherto unn'eognized constituent of human gastric juice and 
in its mode of action rest*ml>les an c//://>ac (Fig. 11‘-^). 

^ l'\)r rc'coiit studies see Hall, Uni. ninJ. J lUuO, ii, 5S;) ; I M^lev tl u/., tbid.y 
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INTRINSIC FACTOR 


The site of fonnation of intrinsic factor is that jjart of tlie <;astric mucosa 
which contains the peptic anil oxyntic ci^lls : these are to be found throughout 
the niucosa except in a. tliin strip round the cardiac orifice (cardiac glands) 




HAYS 

Khj, ll.'J, Ih'lnonslration of Lo<alization ol 

Intriiisie Kadur in ” Main (JaMric tdaiids" in Man. 

Can- (iC pernicious aiia'iuia. lipper rceopls ; nal rt-ll count (in fuillioii' per 
c.iuni.) ; lower nccMals: reticulocytes per eeiil. Tiiic' in days. 

Jnsci ; (liaeraiii of iininan .'^lofnarh show ing distrilailioTi ofdiircrcnt f.y pcs 
of glands (cf. p. 77a). Interrupted lim- near <-ardiac orilita* ^distal 
border of cardiac dnnd.s. Interrupted line near jiylorns i)ro\iiitai 
border ol' pylori*; ixlands. Itest of stoirnieli eontaiuine peplie 

and (»xynl.ie e<‘|l.-. {" main ijastri*'; inlands ”■). 

OilbTcnl parts nr normal human gastric miieos.i were uround up 
w 'tli beef iiinsel*-, *lrie*l, ainl adnniiistered as .shewn (at O). I’i>sitiv* 
rei.ienio«-yte and red cell respon.scs indieat*' presence o( intrinsic 
factor in re^ioti *»I' ::astric nmeosa examined. Is'i-eativc riispoii'^es 
imiieale aljsein'e of intrinsic hudor. In each case afler s da)'’ 
cNperimeiital perioil the r* >pon.se to \entricnlin ( - Incmatinie priiiciph ) 
was examined. 

.\ol«‘ that (iiiieo->a from remoiis C and V (f>f inset), i.r. from I he 
M>-eall*'d " «‘ardiae ” and ” fnndie ” n-i'hm (hoili IhcM- n-iiioris e*mlaiM 
main }j;is([ie ei-mds ”) i;. active; it thus eontjjins intrinsic factor. 

Mina»sa frotii the pyhu’ie reKi<m is <jnly fe* bly active ; th*- slight 
ac tivity is probahl> din- to inehision of fnndie " miieo.sa in tin- 
material ns*'d. i hata from Ca.stic and Kov. Atiti-r. .f. nint. Sri., 11)42, 

•Id.:, l.s.) 

and in ]>;irt of the pylorus (pyloric glands). Experiments were carried out 
as follows ; the mucosa wus stripped off from various regions of tin* normal 
luiman stoimicli, ground up with ox inusch*, dried, and administered to 
patients with pernicious amemia. The mucosal an?a cxamiiiefj which contains 




mk(;atx)hlasti(’ ax.kmias ms 

intrinsic factor reacts with the ox muscle to lilKnate lia'rnatiiiic princij^lc. 
Typical reticulocyte responses wen^ obtained with mucosa from the ic^nons 
labelhul C and F in the stomach map in Fig. I I‘5 : a very weak response 
was obtained with pyloric mucosa but a potent h;ematiiiic ]»riuci])le gave a 
characteristic reaction. These (jxperiments demonstrate conclusively that 
the so-called “ main gastric glands ’’ form intrinsic factor. It is e.xacily this 
region of th(‘, mucosa w'hich is atrophied or <lestroyed hi pernicious aria*inia 
as seen post-mortem, or <luring life on gastroseopic examination. The comiuou 
clinical findings of aclilorhydria ((*v(‘n after injections of histamine (p. 783)), 
and sometimes complete, acliylia, are indicativ(‘ of a lesion in th(‘ same 
site. 

The })rimary fault in peniicious arncmia is thus the gastric lesion, which 
residts in absence of intrinsic factor ; consequently no haanatiiiic principle 
is form<*d. Gaul reef omu in jiian, however, v(‘rv rarely leads to peiJiicious 
jimemia ; this result may be exfdained by the. fact tliat the gastrectomy may 
have to Ixi total before the body is deprived of all intrinsic factor. 

Fate of JLematixk- IViUNriiM.K. The ])Tinci])le, formed in the stomach. 
])asses into the small intestine, is absorbed from tliere into the portal Idood, 
and so reacdics tbe liver. It is ])rcsuma.bly stored there, accounting for its 
presence in high coiKjentrations in liver extracts. It passes from the liver 
to tlie bone marrow where in some unknown way it j)romotes maturation 
and nornndization of l.h(‘ ervf hroid cells. 

Vi'iiiriculhi,- .An extract, of j)artially autolysed whole stomach wall of the 

pig—called innitricnlin .is curative in pernicious anamna. It has been 

siigg(‘st(*d that tln^ intriusie factor in the gastric mucosa acts after death, on 
the extrinsic factor in the niuscniar coat, liberating the Inematinic* princi|)le 
or a 8ubstanc(‘ of a similar nature. 

Causes of Megaloblastic AnaemiaJ ( Fkjixk iui/s Ax.kmta Tyfe).. 

Theoretically, tht; liaimalinic principle might not be a.vailabJ(‘ for use by the 
hone marrow in one of five conditions, in all (»f which a ine.galoblastie aiiaunia 
of the pernicious amcmia type develops characleriztul by megalo)>lastic 
transformation of the marrow ervthroiil cells and tlieir failure to mature into 
erythrocytes. 

(1) Absenck of Intrinsic FA<TOU.--See Pvrnivioifs Ananiia (p. IhO). 

(2) ABSEX(n<: of Extrinsic Factor.- In the Tropics, malnutrition is 
exceedingly comiiion, and megalol>lastic amemia frecpiently develops. Some 
cases can be successfully tn'uted by the administration of yeast or yeast 
products like Marmitt‘, which are rich in extrinsic factor; the essential cause 
of the disorder is tlie absence of the extrinsic factor from the diet, which 
results from its unsatisfactory composition. 

(3) Failure of Absorctiox cjf the H.^cmatinh^ Prixciflk.—T his may 
result from an abnormal state of the intestinal tract in intestinal strictures or 
faulty anastomoses, impermeability of the intestinal mucosa, or the presence 
of parasites (like dibothriocephalus latiis), which alt(‘r or di?stri)y the principle. 

* MeynloblafiHc Anirmin. Tlio blood disordri\M in which then* is incfialoldastiii truns- 
loriaation of Iho bone marrow and aiiannia aiused by failnn* lo form or u.sc tlie liaanatinic 
princijde, aro known as mcpfaloblasticr aiiieiiiiaH; tlic circulating red cells arc macrocytes, 
i.e, their average diameter is larger than normal. Jn some eases of malignant disease, 
cirrhosis of the liver, myxeedema, etc., a macrocytic ana>mia may occur associated with 
the appearance of large normoblasts in the marrow but there are no megaloblasts in the 
sense defined on p. 196. These anaemias are called macronormoblastic anaemias. 
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Somo cases of y>eriiioious anaemia may be tliiis caused ; they do not respond 
to liver fiiven by mouth but react rapidly to livtu- extracts ^iveii parenterally 
(e.(j. intramuscularly). 

Ill the tropical disease, sprue, all the above disturbances may in 
operati<.)n : lack of intrinsic factor in the stcmacli (with or without achlor¬ 
hydria), deficiency of the extrinsic factor, and <le.fe.ctive absorption of the 
ha‘matini(^ princi|)l(^ because of the intestinal derangement. Liver extract is 
efh'ctive esp(‘.cially parenterally, but sometimes larj^e doses (d‘ iron are lUMuled 
too. 

(4) Disk.ase ok the Liveu. In liver damage, pernicious aniemia has 
been recorded, })r(‘suma.bly from failun* to ston* or mobilizi* the hsernatinie 
principle. 

(5) Cases are described in which anaemia of the pernicious typo is un¬ 
influenced by treatment given by any rout(*; it is suggested that the marrow 
may be unable to utilize the haunatinie principle suyijilie.d t.o it. 


IRCLN METABOLISM.! IRON i)EFIClENC\^ ANLEMIAS 

Body Iron. —The body of an adult man contains about 4*5 g. of iron 
which is distributed betweim four main forms : 

(i) Blood hwtnofilohin, about 2-5 g. (p. 17“)). 

(ii) MyoJiwmoqlohin in varying amounts in red niusi'les. 

(iii) f ntracelhilar enzymes containing iron-porphyrins, such as cytoidirome, 
cytochrome-oxidast‘, catalase, and ])eroxidase (less tlnin 0-1 g.), 

(iv) Iron bound with a special tissue [u-otein (sailed apuferritin (mol. wt. 
465,<MK)) to form the tissue iron-storage compound, ferritin. When fuliv 
saturated with iron, ferritin may contain 23‘’4) of its dry weight a.s iron. 
This .so-called “ storages ” iron may amount to 1*5 g. in all. 

Myohannoglobin, [leroxidase, and catalase consist of distincLlve ]u'otelns 
bound with the same yiorphyriu as is found in the. h;em of haunoglobin, 
namely iron-pratopnrphyrin IX ; their mohicular weights are n'sjxa'tively 
ITjUOti, 44,0()(), and 225,000 (cf. haanoglobin, (>8,000). The striking dinbrences 
in the pro|)erti(‘s of th(\se comjxninds must d(‘jx*nd on the protein part of tin*, 
rnohicule. (^ytochrome and eytochromeoxidase contain an iron-prot.oporphv- 
rin nucleus which differs from iron protoporphyrin IX in tin* side chains 
which are attache*! to the yiymjl rings ; tin* attadied f)rot.eiTis are also 
diifererit. 

The functions of the tissue iron-porphyrins [i.v. (ii) and (iii) a,bov(*) can lx* 
briefly summarized tlius : 

(i) Myohremoylohin unites loos(*ly and reversibly witli Tuolecular o.xygen. 
Its O 2 dissociation curve r(*sembles that of a C() 2 -free luemoglobin solution, 
i.e. it is a rectangular hyyx*rbola and is shifted well to the left (cf. j). Ill); 
it also resembles IVetal haemoglobin in its behaviour (y). 1099). It (*a.n tlnis 
take 11 y) readily even at low O 2 pressures, but only rdeases it wlien the. 
tissue (>2 }:)ressure is very low. It therefore serves as a small tissin*, Og resfwve 
for the iie(‘.ds of very vigorous muscular activity. The y)r()y)(*rties of nid and 
y)ale muscle are compared on p. 587 ; it is curious to note that although r(*d 

* Graniiik, Ann. N.Y. Acad. Sri., 1947, 4S, 657. Hahn, Advances in Hioiogy and 
Medical Physics, 1948, 7, New York. 
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7niis(*.l(*s contain myoliininojflohm, they r(‘S|)onfl more slowly tliaii pale and 
consequently d(*v(;lof) tetanus at a lower peak tcnisioii. 

(ii) /Vroxn/o.sr " actlvate.s " lioOj, to oxidi/j^ suitabl(‘ substrates, 

(iii) ('atala.se decomposes U.^O.^to form waOn* and maleealar a.nj(fcn. 

(iv) (hftochroaie and ciftochrome-osidase are concerned with nrlilallan 
jirore.s.sr.s in the tissues and elerfnm tran.sfer, and not, lik(^ inemoj^dobin, with 
t he trans|)ort of molecular oxy^fcn. 

Iron in Food. It may be d(Mlii(a‘d from what has bemj said above that 
animal foods contain iron in minute amounls whi(*h vary with the ferritin 
and blood c,ontent. Th(‘ approximate iron eonttmt in rug. ]K‘r lOO of some 
common foodstuffs is: meat (muscle) 3*5, liver 7-0, e*?*; 2*5, cheese 1-5, 
herriiif^ and haddock 1-U, lentils and p(*as 5-7, (nitjueal d-tt, bread !•(), 
golden syruf) 1-7, (aibba^e !•(), rice and potatoes O-o. The iron content of 
milk is low. 

Iron Balance.—(1) Aon/r Mkx.—T he. intracellular iron-containing 
enzymes and myohaunoglobin are stalde substanc(‘s th»» iroji of which cannot 
b(‘ called upon for other ])ur})os(is : blood haunoglobin on the other hand is 
continually undergoing destruction. The iron content of hieinoglobin is 
; thus 100 c.c. of blood containing 15 g. of htTinoglobin contain 50 
7nf/. of iron. As th(j red cells live about 100 days, 1% of the total blood luemo- 
globin, i.e. that contained in 50 c.c. of blood is destroyed daily, releasing aboiit 
25 )n(}. of iron. It is essential to remeniber that for all \)ractical purposes 
iron that has been absorbed from the int(?stme or some ])aTenteraI route 
is not subsequently excreted from the body, or only in negligibly small amoums. 
Tims an adult man on an adequate iron intake only excretes (in the urine) 
(>•1 mg. daily. Likewise, hardly any iron is excreted into the bih*, and none 
by th(‘ mucosa of the alirnemtary canal. It follows, therefore, that the iron 
which is ndeased from th(‘ destruction ofhiemoglobin, after being teni])orarily 
sioT'ed in the reticulo-endothelial system (presumably as buritin) is used 
again for fresh Inemoglobin synthesis. It will be pointed out later that iron 
is absorbed from the food in the intestine with considerable dijliculty. i.e. 
only a fraction of the food iron is actually absorbeui into the l»ody, tin* rest 
being pn.ssed out in the faces. It is, therefore, liard to say what iron intale 
is j)ee(h*d to provide any particular bodily iron need. \Vhen(*ver iron loss 
exceeds iron absor])tion the blood liaunoglobin falls, i.e. amemia develops. 
Th(‘. food iron requirement of a healthy adult male (who is not suifering from 
any form of blood loss) is negligibly small ; a food iron intake of 5 mg. daily 
is a(h*(piate to maintain a normal stab* of tiie blood in such healthy men. 

(2) Aiuu/r VVoMKN. - The inm loss (and therefore the food iron n(*eds) 
of women is great(*r b(*cause of: (i) the blood loss during the monthly 
menstrual period ; (ii) the iron drain on the mother during pregnancy .and 
labour. 

(i) Men.struation. The monthly blood loss in one series of normal women 
varied between b and 180 c.c. ; the average was 50 (‘.c., corresponditig to 
5 mg. of ha*moglobin iron. A grou]> of women whose monthly loss was 
b) c.c. on an av(‘r.*ige ( 12(t mg. of iron per month, or I mg. daily) dev(*loped 

ana*nii;i, Ix'cause th<*ir food in»n intake did imt cover th(*ir iron loss. (Tnieal 
evidence suggests that when the. monthly menstrual blood loss exceeds 
MO e.e. ( 70 nig. of iron per month or 2 ‘5 mg. of iron daily) amemia dcvelojis 

if tile food iron content is below 7 mg. daily (Fig. I M). 
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INFANTS 

CHILDREN 

ADULTS 1984 

789 

102 

(MALES 167 - FEMALES 1817) 


Imi;. JJ4. iIiiMMOgl(»biri Valu(;s in Poor Population suffering from Iron Deficiency 
(Davidson and FuIIorton, Edin. med. 10117, /5, (J.) 

Tlir results well- (ilttained Irom y. study ul'|M.or projih- in AlnTdeen (J'.>3;»). Many were families of 
iineinjiliiytMl ; tin- diet contained on an aMTatre 7-3 in*^. of iron daily. 


.Note ; (i) tJie absence of anainiia in adult males on an iroii-dellrient. diet ; 

(ii) the development of uraemia in infants of both sexes during the tlrst year of life with recovery 
btdoie puberty ; 

(ill) aggravation of tin- anapTnia in girl.s and women after juiberty, the ansemia being worse in 
pregnant women ; 

(iv) recovery after the nieuopaii.se. 


(ii) (.^hUdhcarimi .—.AltLoiigli inoiistruation is in al)<‘y{tn(!c. f*onsitli‘ral)lo 
iron loss is Diking pljjcc as shown hy the following data; 


Iron cunttmt of ffotus at term .... 

I P) mg. 

placenta and uterus . 

150 

,, ,, Irlood lost after delivery 

175 ,, 

milk during (> months' lactation . 

- „ 

Total iron loss in 15 months (KiO days) 

P05 mg. 

Average* d(tihf hiss 

2 mg. 


Tlie main iron dfnnands on thf^ inothor oocur in the last two months of 
pregnancy wii(*n the feetus and placenta ar<‘ grtiwing rapidly ; tiiis is followed 
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l)y the blood loss during labour. Arunniia ooirnnonly develops during })reg- 
naiicy from iron lark (Figs. Ill 
and 115). 

(,‘ 5 ) (fllOWJNO OjllLDJtKX. 85 

During tin; ])eriod of growth the ^ 
blood must “ grow ” to kee|» pare ^ 
wdth the n^st of the laxly ; a ^ 80 
positive iron bfilance must tht‘re' 

h) re be maintained to enable the 1 
neeessary additional lueinoglobin ^ 75 
to be foriiKxl. Tin; following data 
indicate the size of the ])roblein. 

At. birth a baby weighs 3 kg. 

(7 lb.) and (contains 300 c.c. of 

i) lo(xl ; the total iron content of pregnancy days 



the body is 40(> rng. At oik* year Fk;. 11a. Develujanent of Anaaiiia in Women 
it W'eighs 10 kg. (21 lb.) and eon- during Fngn.incy and Progressive lie- 

tains about l(K)0 cx.Of blood. V’’'JHi''•■r- fV.m. 

Jo produce tin; n(jC('ssary increase 4ii, <).) 

in liamioglobin and body iron a or.iinaTe; luiMiiosiieitin %. 
positive iron balance of 500 mg. 

of iron is required (= 1-3 mg. daily) over and above the iroji needed to 

compensate for normal wast- 

0 4 mg. IRON daily I T' ^1^’' 

--N show that even when mother 

vj ' ^ and inbint ar<* on a satis- 

^ >2 ~ * " o factory diet t he infant’s ha*mo- 

§ _ - 8 globin level falls from a birth 

^ t » I value exc(;eding 100 %, to 

^ 75% at 3 months; between 

^ - 1 ^ t> and 12 months it is 85%. 

^ 0 _ // _ I ibrmoglobin formation can- 

5 // ^ not, thendore, even under 

§ ~ ~ ^ ^ go(xl circumstances k(M*j) pace 

m 6 A 1 / ~ !jj increase in plasma 

5 _\ j/ volume. In bimilies on a 

iron intake the infant is 
4 " ‘V ^ prohahly horn with poor iron 

_ I _ I _I_ I _ I _ I _ I _ I _ I _I_ I _ I _1 4 reserves on wdiich to draw, 

0 2 4 6 8 10 iiiid it g('ts less iron in its 

diet ; as a result the Ixemo- 
Flo. 11(5. --Prsidl^. of Iron Dolic mnry it. Voinig% pr(.»gressivelv. 

Hats. (I \ s«)ii (7 f//., Anirr. J. elm. J ath. , . . ^ f 

IIKIU .V (5:f) reaehing a ininimutn at the 

Tlu' ofisprins of iron-dflicicnt iik» 11 i«ts wrro Wfaiiod iit 3 eild ot tho first teal (lig- 


wookM and put on u milk dirt. i:iitri:at»!d ruts dird 114). Sul)Se<lUeiltlv, aS the 

wIxtTi flio >ifirimn<TlnK<n 4/1 '{ n_0/ ftii u/l/litifr Irnn fnt. _ ' . . 


whrii tho haemoglobin foil to :{ g-%. On adding iron (at , « li i ^ j 

0) to diet (0-4 mg. daily) rapid recovery occurred. rate 01 growth SlOWS QOWn, 

Ordluute: hH>nioglobin in g. per 100 on. ; red cells in millions blood picture improves 

per c.mm. Steadily during childhood. A 

fresh strain develops in girls with the onset of puberty and menstruation. 
The problem caw bo studied experirmuitally in rats. The mothers were 
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kept, on nn iron live diet and the oiTspriiifr after weanin^^ weri* fed (»n milk. 
The Idood hiemo^lohin eoncentralion steadily iVdl heeause while the animal 
was erow'inj’ and inereasiii^ its plasma voliiim* it was m>t making fn'sh 
ha‘mu‘>:l(d)in (Fi^^ l lli). If the yoiin" rats or the anaanie children are liiven 
adi*(piate amounts of iron, rapid recovery of 1 he Mood occurs. 

Blood Iron. Inm is present in the blood in two fmins : (i) as litrtHOf/hfhl h 
in the red l»hK»d cells; lb of hseiimi^Iobin per InO c.e. blood corresptmds 
To bo m^^ of inorganic Fe ; (ii) as sertuH iron amounting t(» O-Ob o-is mg 
(~ b0 180 //g- ; this is the form in which iron transport takes place. 

Serum iron is in the ferrous form and (‘ombined with a serum prot«‘in 
{/>-glol)ulin). Substantial chang<‘s in serum iron take phna* aft(‘r ing(‘stion 
of therapeutic doses of iron salts (p. 2tlb) ; but under ordinary conditions 
of food intake the tluctuations in serum iron are slight. 

Iron Absorption. — (J) Fooi> Ikon. —V^ery little is known about the 
clianges wliicli food iron undergoes in the alimentary canal. It is beli(‘V«‘d 
that inorganic iron is split olf from ferritin, but that the digestive juic'cs 
cannot release the iron which is bound with the ])orphyrin rnoh^cule in tlu‘ 
Juein (*ompounds of food. Food may contain traces of inorganic iron salts 
if rusty knives or chipped enaimd saucejians are used in tin* preparation 
and cooking of food ; these may be a more important source of iron than is 
generally supjiosed. Iron is ab.sorbed in the ferrous form possibly in the. 
Lstomacdi and certainly in the duodenum and upper small intestine ; the 
presence of bile salts do<‘.s not jiromote iron absorption. I'hc iron is taken 
uj) by the cells of the intestinal mucosa and combined with afioferritin there, 
to form ferritin, which r(*h*ases its contain(*d iron into the circula,tion as and 
vvIkui required for haemoglobin formaticm. 

In normal adult mah*s iron absorf»ti(ui is vtuy small, as shfiwn by tin* 
follnvving iron lialanci*. experiments. 

I. i.(OW Ikon Inoke (all data in mg. for M-day periods) : 

Total iron in food . . loO-b mg. (7’1 mg. j)er day). 

,, ,, urine . . . l-b mg. (0-1 mg. ,, ). 

„ „ fieces . . . 102*r> mg. (7.b mg. ,, ). 

In this cxjierinient no iron was absorbed ; all the ing('sted food iron was 
passi'd out- in the feces ; the exce.ss loss in tlie feces may iiave b(‘(*n due to 
slunlding of lining cells of the inte.stinal muco.sa whicii contabi iron. 

II. lljon Inox Intake (all data in mg. for 1-1 days) : 

iron intake as food . . . llO-f mg. 

,, ,, medicinal iron . S2-S mg. 

Total Intake . . 19-b l mg. (l‘»-<'^ mg. per dav) 

Iron loss in urine 1-5 mg. (0-1 U’g. per ilay). 

Iron loss in feces—187*3 mg. (13*‘1 mg. per day). 

J*ositir(! iron halaner Tf mg. ((>‘j mg. per day). 

In this e.xperiment oidy 0-b or 0*3 fO*J mg. of iron w(uv absorbed <laily. 

It is found clinically that a total iron food intake of 10 lb mg. daily is 
sulli(dent to maintain a normal state of the blood in all physiological states 
in women and children and is w'ell above the. minimal r(*(piirements of normal 
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KllAPKl’TirAlJ.V ADMINISTEKKI) J lU SaLTS. -Tii 
y ;Nin*inici, iron is ndministercMl in tin* form of irnniiaiiic salts, 'fin* 
lato of tin* iron ran In* r(*.a(iily follr^wrd if it is administrrrd in tin* radio-active 
foDi) as ; its Inilf-lifr is \1 days. Fiji. 117 shows tin* ellVrts of adminis 

t(‘rinsi SI mi^. of radio-Fr in a siiii^lr dost* bv mouth to a, d<>^. Absor|)tion 
srts in rapidly as firovrd by tin* aj)})(*aranrt* of radio-Fr in thr srrum within 
onr hour ; srrum radio-Fr r(*arlirs its peak at 12 hours and falls to normal in 
21 hours. Within 2 hours of in^estinj^ t.lir radio-Fr it brains to aj>pear ifi thr 
rirr\datin^^ ror)>usri<‘s, ]u*ovin^ thai it has rraehrd thr bone marrow and has 
b(M‘n used there in tin*, niaiiufarture of fresh ha*mofrlol.mi ; tin* radio-Fe lias 
brrn addl'd to the liody’s ^n*neral iron reserve, i.e. it has eiit(‘red tin* l)ody’s 



HOURS AFTER FEEDIWf, 

Fi(!. 117.—Absorption of Hadio-lron (Kr**) 
from the Intcstirir and its hirorporatinii 
in K<*d (V'lls. 

Ordinal**; perc«’nta«^e of total radio-iron (K***! ^;ivt‘n 
lt>' month Idiind in plasma ur nd ci-lls. Oous 
uivcn sinKi** of S4 iiii:. of radio-iron hy 

month. (Whip]*)** ♦*/ ol.,'- ./. t’jp. Mtil., 

OU, T17.) 

“ iron jiool.” No distinetJon is subsequently drawn by the body lietween the 
newly absorlied iron and that jireviously present in the tissues. 

The following factors inilu(*iiee the degree of absorption of iron salts : 

(i) Ferrous (Fe'^) salts are more readily absorbed than ferrii?. (Fe'++) 
salts; ill dilTerc*nt exp(*riinents tin* ratio obtained was l-b-lOd) of Fe’ ' to 
1-0 of Fe+++. (Fig. ll-S.) 

(ii) Al)sorj)tioii is indejxuident of tlie secretion of IICl by the stomaeli. 

(iii) Insoluble iron salts (e.f/. ferrous phosphate) an* not absorbed. 

(iv) ^J'lie absolut e amount of any ]>artieular salt which is absorbed d(*p(uuls 
on the dose. With minute doses the fcrcvnlmfc absorption is high but the 
ahsohUe amount absorbed is still minute : as tin* dosi; is increased the per¬ 
centage absorption progressiv(‘ly falls but tlie absolute amount absorbed is 
iiKu-eased. Thus the total iron eontent or the iron concentraidou in the 
bowel is an important factor in det(‘rinining the total amount alisorlied ; and 
it. is the ahsoiu/t' amount of iron absorbed wliieh r(*a.lly matt(*rs. 
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(v) WitL a given iron intake, a larger amount i.s absorbed in aiuvmic 
subjects than in normals. This is well shown in Fig. 11 lb 

The explanation is obscure. The rate of iron absor})tion may defx'ud on 
the degree of saturation with iron of the apoferritin of the intestinal mucosa. 
Jn normal subjects the degree of saturation is high and tluj iron uptake is, 
consequently, small. In anaunic states as the tissue “ reserve ' iron is 
drawn upon, food iron is more readily taken u}) by the relatively numturnlvd 
apoferritin in the intestinal mucosa. It is ehtimed also that, when tlie iron 
intake is large, more apoferritin is synthesized in the intestinal mucosa, thus 
facilitating furtlu'r iron uptake. 

Intravenously injected Iron Salts. Iron thus injected is not excreted 
by the intestinal mucosa from the bl(»od into the luFJien of the* gut : it is, 
therefore, retained in the body, in the niacrof)liag(‘s of the liver and s[)leen, 
throughout the s])h‘en ])ul]), in the liepatic cells and, in traces, in the stomach 
and large intestine. There is still uncertainty wlu'ther such ston'd iron can 
be call(‘d upon for haunoglobin formation ; it can only In* eliminated from the 
body very slowly, if at all. 

Factors controlling Haemoglobin Formation.' (i) Quantilatire 
Technique- Whipple/s standard ananiie day is em})loyed. A normal dog 
weighing 10 kg. has about 2tX) g. of haunoglobin in tht; circulation. TIh^ 
animal is bh?d weekly to reduce the total circulating haemoglobin each time* to 
GO g. During the first 6 -8 weeks the dog seems to be able to mobilize un¬ 
identified reserves of hamioglobin to help to make good the d(;fici(»ncy, but 
these are finally exhausted. Subsequently the amount of hpemoglol)in newdy 
formed each 14 days is readily measured by d(*.termining the amount of 
hemoglobin that has to be removed to bring the total in the blood dowui to 
the basal level of 60 g. These studi(*s show’ that in addition to iron, dietary 
protein is of great importance in the treatment of haunorrhagic ariamiia. 

(ii) lUMe of Protein.— A knv prot<*in intake retards luemoglobin regeneration 
even in the presence of excess iron ; the limiting factor h(n(^ is lack oi globin. 
Globin itself (in the food) is the. protein which is used most economi(;ally in 
haunoglobin formation. Some food prottdns are less (^ffectivF^ than others : 
thus bread and other c(;r(^als, dairy products, most vegetables and fruits, 
and salmon are relatively inert-. Liver, kidney, spleen, and heart are most 
potent, muscle occupying an intermediate jiosition. Though liver is of great 
value in the treatment of haunorrhugic. ansemia in dogs, it seems to have no 
such exc(q)tional efficacy in hamorrhagic ameinia in man. Studies with 
amino-acid mixtures show that the usual es.sential amino-acids are need(*d 
for hannoglobin formation, 

(iii) TiCde of Porphyrins porphyrin content of t-lu^ diet is uniniportaiit 
as it is readily synthesized. 

(iv) Role of Iron.- See pp. 205 et seq. 

(v) Role of Bile. —If a bile fistula is established so that all the bile <jsca.j>es 
to the exterior, the rate of haunoglobin formation is halved ; tin* administra¬ 
tion of bile daily by mouth is, however, without effect. Iron salts given by 
mouth to these animals produce half the expected new heemoglobin formation. 
The mode of action of a bile fistula is obscure : it is associated with impaired 
liver function and diminished globin formation. 

* Whipple, Amer. J, med. ScA., 1938, 196, 609; Whipple et al., J. exp. Med., 1945, 
S2. 311; ibid,, 1947, 85, 243. 
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I'jiiS. IIS AND 119.—Absorption of Ha<lio-active Iron in Xorinal Person and in Paiient 
with Hyp(H‘hronn<' iVliei’orytic Ana*inia. Ferrous iron is more readily ahsorhetl than 
Ferrie. Iron. Iron is more readily absorbed in Aiueinie I’atients than in Normal 
PtTsons. (Moore ct al.^ ./. dhi, Jnvestifj.y 1944, 7t>2, 764.) 


Initial red i-tdl (‘oiint |mt ( .inin. 

Initial litntiiOKlobin nc. 

Amriiint of r:i<lio-l''o • ' * civon by month .'»« FeC’l^ 

Fraction of total <iosc of radio-Fto * ' found in circulating reel d'lls 
Amount of radio-Ko++ given )iy mouth as FrfU;. 

Fraction of total dose of radio-Fi* ^ ' found in cirnilating red cells 
j^abellcd Fe -radio-active iron. 

At the beginning of February the anauuie i>atient was given intensive iron therapy ; the red cell count and 
hiPinoglobln concentration rose in about 4 weeks to 4-5 million and 12 g-% respectively. 


yornnd. 

UUpockromic A niemia. 

Fig. 11S. 

Fig. no. 

fiL' 

X-2 

HvO 

0-0 

170 m«. 

llS mg. 

“’“Vo 


177)“ng. 

118 mg. 

11-4% 

20*0% 
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Iron Deficiency Anaemia. Imn (It'licieiicy auii'mias an‘ of tin* micro- 
rytic hyyochromic type (p. KiS) ; the cell diaiiH'ter aiul volume are ])e]ow 
average and tlie cells are pc'orly filled with ha:Mijoglol)iii. liotli red cell count 
and liaunoglobiii values ar(‘ lowered, llie latter to a, greater degn‘(‘ than tlie 
former. ^J'Jie infirrow may show oormohlastic hyperplasia. 

As is evident from tlu' discussion on ]»p. 205 ct nc(/., iron deiicieticy anaunia 
occurs : (i) in infants and young children ; (ii) in women diirii^g active 
reproductive life ; (iii) in anyone who suiters severe blood loss. 'J’he co-exist¬ 
ence of factors which inhil)it haunoglobin or re<I coll formation aggravates 
the aiiicmia. The following com]»lications commonly occur : 

(i) The presence of'/y^/'ce/ma : ^ this is especially im]>(utant in infants, in 
whom an attack of bronchitis, otitis nu'dia, or pyrexia from any I'ause may 
low<u’ the blood haunoglobin h'vel, soundiines even when iron is b(‘ing medicin¬ 
ally adininistereil at tin* same time (Fig. 120). 

(ii) An unsatisfactory diet, especially one which is lacking in (o) yrofcni, 
which is needed for globin formation, or (h) vitamins : the lack of vitaniins 



/P0t\f THERAPY 


NO /NFECTJON 


PER too OF infect/ON 

Fm. 1 l* 0. -KIT'ect of rntertion on llaarioglolnii Level in Infants. (|)avids«»n ainl Fullerton 
Edin, med. 19.‘LS, 12.) 


may lead to an unhealthy state of the alimentary canal which depresses 
absorption of the foodstulTs and may also imjyair the tissue mechanisms 
which are involved in luemoglobin synthesis. Achlorhydria is said to interfere, 
wit h the j)ro[>er absorptioji of/hod iron (though it does not allect tln^ absorjition 
of thera|)eutic. iron salts). 

(iii) in pregnancy the formation of intrinsic factor may be im|)aircd, 
leading to development of a macrocytic anaania (Fig. 115). In addition, tin*, 
blood hpenioglobin concentration may be lowered b(*cause of an increase in 
]»la.sma volume. 

Pure iron deficiency anaunia is cured by giving adequate doses of suitable 
iron salts. These doses are enormous compared with the normal iron intake 
in the food (Fig. 121, A). Th<‘ amount of medicinal iron atilizcd for fresh 
liamioglobin formation can be readily calculated from the rat(‘ of rise of tln^ 
total blood haurK)globin content which optimally is 1*5 g. (= 5 mg. iron) daily. 
Such a rate of blood improveynent may occur on giving 1200 mg. (00 grains) 
of Fe(NH |)Citrat(* daily ; the iron utilized in this instance is und(‘r 1% of 
tlie iron administered. Tin* ojdimum utilization rate with Fe(Nll 4 ) (htrate 
is .'V\, compared with 20“o for ferrous sulphate. 

Iron therapy acts not only by supplying an essential raw material but it 
* VViiiirobc e.t «/., J. din. Jnvediy., 1947, 26, lO.'i, 114, 121. 
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also slltnuhiff^s the n‘(] marrow to make fresh cells and liaanoglohiii. Kvtm in 
normal subjects iron medication may increase the hlood Inemo^lohin level, 
hut tills inc,rease is transient, the lilood returning- to its original state in 
sf)ite of continued treatment (Fig. 121, Ji). 

;\i).TiiVA\'r Action ok -In mammals cojiper is related to hlood 

formation.- iron-deiicaiUKry amemia in rats (Fig. 1 Ml) is not curf*d hy 
ahsitltdriif purft iron salts. If O-Oo mg. of co}>j>e.r, tog(‘th(ir with M-o lug. of 
iron are. a.d(h;d to the daily ration of milk, rapi'l cur(‘, ocamrs. A normal 
mixed di(‘t contains ade(]uat(‘ amounts of copper. .M(^st. metlicinal iron salts 
(Muitain some admixture of cofiper, hut less than tin; o])timiim for the cure 
of anaunia, c.r/. only 0-02 mg. of copper jter g. of iron salt. 



Fui. IlM. EITecta of Iron Admiuistnition on Blood llaanoglohin Conirritration in Man 

In b«»th A uinl li, 1 li. of iron was adminislcred daU 3 ’ t.lirou^'ljoiil th«' iIS-\v»M‘k pniod. Onliii;itr 

increase in hinnioglohin <ron<'«‘n(,rjition per 100 r.c. of hlotui. ’VUv total iin n.Mst* in Itlmni Inetiio^lobin in u:. 

is obUiined bj' innltiplyint; tbe value on the ordinate by Ni)lunu , .;Mj. 

J ^ Ml l(Ml 

A. IhsiiU.s in },m-ou|. of casivs ol iron defirienrn amnnia. Alaxinial improvenu-nt ociMirs after 10 wreks; 
flit re i.'=» a sinttll .siibsctpicnt ileel'in-. 

n. Kesulls in t:roup of siil>jeets witli linr normal buMiiovrlobin. TtuTe is a smaller initial rise in laemoKlobin 
eoneentration ; tlien in spite of < ontinin*d iron administration the hanmi^^dobin eoneentration falls to 
its initial mine. (IVovler and llarer, Amer. J. nieJ. SV/., li)41, i'tti, (US.) 

Tlui niod(* of ax'tjon of co|)per is unknoAvn ; it may he rtdated to th(‘ 
building up of iron into lueinoglobin. 

Some (dinicians chtim that htdter results are obtained in castis of hypo¬ 
chromic amemia if copper is given together with iron (in the ratio of copper 
to iron of I to 100) than with iron therajiy alone. 

Hd iitocliromalttsis.'^ -\\\ this disea,st* then* is an t'xcossive <l(‘positioii of 
iron in all the organs (especially in the livtn- and pancreas), as brown granules 

^ Elvehjem, Physiol. Rev., 15, 471. 

* ('oppcr is widely distributed in organic matter and is found in minute traces in sea 
water, tas is shown by the following data: Sea water, I X 10*^^; jdants, ‘{-40x1 O’*; 
blood of marine animals, :t-23x 10’* ; brain, .VBx 10 • : milk, 2-5 x lO’^. 'the blood of 
m/uine aninials eontains an oAVgen-carrying pigment called htmiocyanin, which contains 
U ilS'*;, of copper ; th(‘ copp(‘r sm-I.s in the same way as thi^ iron in ha*m, and there is a 
cpiantitativc relationship bet ween the amount- of copp»‘r and the oxygen-carrying power. 
A highly colourtai pigment {luracin) has been obtained from the feathers of a South African 
bird, the turaco, and contains 7% of copper ; turaein is a copper-Tiorphyrin (cf. p. 174). 
Sbehhm, Ihnnochromatnsis. I.ondon, I0:J5. (iraniek, linlL X.Y. Acad. Mcd.y 1040, 
iu:i. 
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of lutmosiderin, a coiiipouiul (p. 204) ; as a result the tissue 

cells are daiiiaeed aiul uuderiju fibrosis. An iron-free j)i^oneut — hamiofuacin 
— is also deposited. Tlie patiiolo^ieiil aeciiniulation of iron may sometimes 
})(' due to a primary abnormality «>f the intestinal mii(*osa, l(‘adiu<^ to excessive 
iron ahsorf)tion from the ‘^ut. In one patient with laeinolytic amemia who 
receiv<Mj about 200 blood transfusions, the released iron was deposited in tlie 
tissiu*s, causin" fatal lueniochroinato.sis. 

THE WHITE BLOOD CORPUSCLES 

The wliite blood corpuscles (leucocytes) are divided into three 
j^roups : 

(1) (tniHuIocf/frs (10 J l//) characterized by the presence of ^oanuI<*s in tlie 
cytoplasm, and a lobed nucleus. Usin^^ fjeisbmairs stain, three typ(‘s of e(‘ll 
can be reeo^niizt‘d by the eharaeter of their ir?*annles : mnttrnphil (or poly¬ 
morphonuclear leucocytes) with tin(‘ red-brown ‘granules: eosinophil, 
iTarnmed with larjie n'd granules: and hasophil containing juirple-blue 
granules. The nuclear chromatin of this group of leucocytes is coarse ami 

ropy." (Plate III.) 

(2) Li/inphoepies (small, 7-10//; large, 10 11 //) : these are round iion- 
granular cells with large round nuclei which practiiailly fill the cell substance. 
'Phey are divided into large and small lymphocytes. The unclear ehromatiii 
is coarser and lum])y.'‘ (Plate JV.) 

(d) Monoviftes (iO IS !() : this is a convmiie.nt term used to de.seribe a. 
groiij) of cells whicli are ill understood and suffer from a. multitude of labels. 
The group includes tht‘ motioimclear cells, hyaline, and transitional cells 
among others. They are large pale cells with a [>ale-sta.ining round or imhmted 
/Trent ric nucleus, the cliromatiii of wliich is finely nd.iciilar and iion-granular 
j)rotoplasm. lie prose u tat ivo monocytes are dcj^icted in Plai<‘ IV. 

Normal Count.^ —Th/* normal range of the white cell count is 4000- 
11,000 per e.rnm. Considerable variations betwe/m these limits may occur 
in the same individual from day to day, from liour to hour, and even from 
minute to minute. T1 h‘ count is ma/h* up aj)proximately as I'ollows : granulo¬ 
cytes 70‘Jo (neutrophils 50 70, eosinophils 1- I, ba.sophils 0 -1), lymj)hocvt/'s 
20 40, monocytes 2 <S‘V,. (In clii]/In*n ncutro}»hiIs are about less and 
lymphocytes about ]0% more than in adults.) Representativ/^ ahsolafe 
numbers of the dilferent cells per c.miii. might be as follows : neutrophils 
3000-bOtK), (*osin()])hils 150 400, basojdiils 0 1(K), lymphocytes 1500 2700, 
monocytes 350-?S(X). 

An increase in th/i white count may he produced by ex(*rcise or the 
injection of adrenaline. The leue.ocytosis alleged to b<’ induced by meals 
probably represents nothing mon^ than the normal random fiuciuation. 
The wdiite count rises during the latt(*r months of pregnancy and readies its 
peak (about 17,000 jier e.mm.) with the onset of labour.^ 

It may be supposed that stores of white cells exist in various parts of the 
body, and they may appear and disappear from the circulation with great 
raiiiditv under various circumstances. 

^ Garrey and Bryan, Physiol. Rev., 193r>, 15, 597. 

* Nordenson, Quart. J. Med., 1939, 8, 311. Sturgis and BetheU, Physiol. Rev., 1943, 23, 
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In Tiew-born infants wlnt(‘ rmint is about 2 (>,(H )0 per (*.711111. ; aftcu* 
the second we(*.k it begins to ({(‘dine (Fig. 122 ). During inlVincv tlie lyirijiho- 
cyte is the predominant blood edi, eunstilutiug JO r»0‘\^ of the count. 

Development of White Corpuscles In tlie embryo the white cor- 
]>usdf*s develop in the mesoderm and migraO* secondarily into lh<* blood 
vessels. In extra-uterine life the granulocvto dciV'clop normally exclusively 
in the red )iiarrow ; the lympho(‘yt(»s and monoevtes also d(*velo]> to a slight 
extent in the marrow, but their main sit(^ of origin is in the Jynrphottl tissues 
of the body (l^Jat(\s 111 and IV). 

Granulopoiesis J—The process can be well studied in the artificially 
simplified marrow of a pigeon or rabbit (p. 1 f>3). Myeloid activity is best seen 
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Fig. —Jted and White Ci^ll Count from Birth to 12 years of age. 

(Whitby and Britton, Disorders of the Bloody Churchill, j 

at the periphery of the marrow in (dose proximity to dilated sinuses, and is 
wholly a,n ertru-rascular proce.ss (Fig. 123). Htdwecm tlu'. fat cells, branched 
reticuhnu eells can lie seen irn'gular in outline, free from granules or niito- 
diondria, and with laintly basopliil cytoplasm. Th(‘S(‘ cells multiply by 
mitosis to give rise to tin* priiuitire irltite hloud cell: the nucleus is large and 
spherical and surrounded by a thin rim of basophil protoplasm. The stages 
in the devdofiment of each type of granulocyte arc : primitive whit(‘. cell, 
my(dol)Iast, myc'locyte A or pnunyel()(*yte, mydocyto H or myelocyte ])ro|)er, 
myelocyte. C or mctaniydocvte, leucocyte. These cells may all be. ideiitifi(‘d 
in staimd marrow^ smears obtaiiunl from sti'.rnal j)unctun\s in man and they 
show' the tv|>i('al, successive chang(‘s of maturity (p. Ib4). 

* Dean, (^iiiiiiiiglcuii, and Sal)iii, (\)ntrihutioii to Bmhryotv(fy^ ( IMihiications, 

IOl**), /6‘, 227. Blackfan, Diannnid, and Leisfer, Atlas of Blood in Dliildren, N.V., 1911. 
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MycluliUist (12-18 //).- This crll dfvclojjs IVoiii t-lir juiinitivc whit** crll : 
th<^ nucleus is jnilc jmrple-bliic*., large and round wit h finely sl-ij)|)led chroinatin 

and sev<M*al nu(*h‘oli. 'J’lie 
|i ■ eytoplasin consists<d*a narrow 

^ l.iiue rim without granules. 

r®, Mm'hcijtr (i-i-Ks/()•- 

Ik't*'# I'lx'st' ccJIs an' cliarai'lcrizcd 

" hy the a|)|K‘arance of*//my^/Zcs 

in the. cytoplasm. Using 
Leishmaii's stain, the myelo¬ 
cytes may he classified accord¬ 
ing to the colour of their 
granuh*s iiit(» m’ulrophil(\\\K)^\), 
r(tsiHnyltil, and hdscfjtitil (very 
scanty). Th(‘ cyto])lasm of 
th(‘ mychK‘yl(‘s as a wll^l(^ is 
mor(‘ e\t«‘nsiv(‘ and less hasic 
philic; tlic nu(‘le.us is smaller 
and more basophilic, the 
nucleoli have disa p|)ear(‘<i 
and the chromatin is coarstM*.^ 
(Se<‘ riate 111.) 

If vital staining is ern- 
ployt‘d (Janus green and 
neutral n^d) three stag(‘s in 
tlie de\’cloj>rmM)t of t‘a(*h 
rarivhf of ‘unfrlonjlv may be rt'cognized types A, B, (', according t<» 
the numb(*r of granules wiiicli are prestmt. J’ype A (the young(‘st, or 
^ (’liromatin detail (usumIIv ign(»0‘<l in liislologN (•l;iss<*s) liMan.indM-rists valualde 

Jn'||) in ideaitifyiag atypical cells. 



Tio. 123.—Gramiloj)oiesis iii'IloiK' Marrow. 

Marrow of Pigeon- Zone of granuiopoiesia 24 
hours after feeding following hypoplasia in¬ 
duced by starvation. V'cssels injected with 
Indian ink. Practically every vessel in the field 
is wddely dilated and well tilled with ink. In the 
intervascular 8f)aces numerous mydocylea, 
(Doan, Cunningham, and Sabin.) 


.MATt IIATIO.N IN MVKI.OIl) StdJIlvS. 

1 3. M yfhtftbistfi. 

4. Myvlacyleti type “ .4 ” or pn mydocytr.s, 

.') 7. Myriocytes type “ U," 

5. Myelocytes type " <\'' metamyelocytes or late mytloryffs. 
n, JU. Eosirmphit myelocytes. 

II, 12. JiasophU 9nyelocytes. 

13. Young neutrophit : aJ.so (railed early, hand form, or non-segmented m ulrophi! : nucleus 
is condensed and heginiiing to Inhulate. 

14. Adult ventrophil : nucleus has tw(> lobes. 

1;"), 10. Adult uculrophils : nucleus has three lobes. 

17. Adult neutrophil : nucleus lias tour or m«»re lobes. 

15. Aging neutrophil : imeleus lias multi]»le lobulation, (■vlojilasiii contains sjiarser 
granules and some vacuoles. 

10, 20. Degenerated, neutrrrjduls . (»ld and tragili* cells disrupt(‘d in siii(‘aring ])r()eess. 

21, 22. Adult eosinophils : nucleus usijally has two or thna* lobes; is lilt'd with typical 
grami](*s. 

23. Aging eosinophil • old and fragile cell disrujited in siiHraring jirocess. 

24, 2.7. Itasophils : iiaeleiis usually has l\v«» (u- thn'c IoIk's. Cytoplasm is giMierallv tilh'd 

with very large bliu'-black granuh's. 

Itr|in«lu(;r(l lY(»m l'liiU-.s II and HI, Ulaekraii, lOiiiiioiid. and l,ei.^ler, AUtnt oj the JUooU, 'I'Jh! Coininon 
wealth Fund, New York, 11M4. 
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jtrrnn/clocf/fr) cont.inii.s a fV‘\v p-ajml(‘s stainiii*^ willi iinitral red and many 
niitixdiondria ; (’ (i1m* nr ntcUumjilortfti') contains many granules 

staining witli neutral red and few mitoclirunliia : t> pe H (tlie hn/rlix t/h' 
ftmjfcr) is intermediate. Cells may similarly l>e rdassified in smear*s stained 
with Leishmarr. 

Li'.tH-.fHujti's. I<ia<'li tv()(^ of metamyelocyte ,iiivt‘s rise to lire corresjauidinii 
Irunx'iftc (neut r'()|)liil, e(»sirinjdiil, and basopliil) ; tire niicleus indruit s, and 
then i»ecomes lolxxl ; th<' ^rarndes, in iVesh pr'ejraiations (on a warm stage) 
instead of being motionh^ss, show danenng or- siiiiaming niovemenls, and the 
cytoplasm lx‘comes mofe li(piid, so \\\\\\ anitthoid nKtreituxts occur-. Tire more 
matur-(* wliiu* cells ar-e. found lying just, exterrral to the sinusoids, and pass 
actin hf throuf/h the intact endothelial IIit Inf) 4)f tliese vessrds into th(.‘ circulation. 
Senile leucocytes lose their motility, the granides are still and no longer 
stain with neutr-al nxl ; the cells break u[> readily in films, and the nuchurs 
earr be s(‘en lying fr-ee, surrounded by fairrtly staining granules. As a 
leucocyte ages th(* cornph'xity of the nuclear hd)ulation increases; thus a 
\ery young leuci»eyte has a horseshoe shajuxi nucleus, while an old cell may 
show four or li\ e lobes joined together by very faint str-ands of chromatin. 

Accor-ding to Sal»in, show(Ts ** (»f seitile gr-anulocytes can be serui s(‘veral 
times a day in the circulating blood, when they may constitute 3()‘X, of 
the granulocytes. As the senile cells probably uirdcTgo rapid destruction, 
these findings suggest that the granulocytes function for only a day or 
two in the blood stream. Uiis may be correlated with the fact that 75*;;^ 
of the cells of nonnal inarrotr are intfeloid and oidy are erythroid, 

although th(^ ratio of while to red cells in the blood is about 1 : lOlK). In 
reg(uu‘rating animal marrow the ]>erc<*ntag<^ of cells p(‘r 100 myeloid cells 
counted, is as folhtws : neutrophil myelocyte.s type (\ St> ; type B, 4 ; 
ty])e A, 0-1 ; (‘osinoj)hil mytdocytes, 2-5 : basoj>hil iTiyelocytes, 1 ; myelo¬ 
blasts, 1 ; pcdymorpiis, b. It will be. noticed that the predominant cell is the 
most mat tire, ttfpe (' myeloetjfe imetamyeloetfte), i.e. t h(‘ iniinediate pnicursor of 
tin? inatur<‘ l(!Ucocyt(‘. With sternal marrow smears in man, the ])roportion td’ 
myelocytes is lower and tiiat of mature neutrophils higher, owing to admixture 
with peripliei‘a 1 blood. 

In aplastic anamia atrophy of the myidoid (as w(‘.ll as the (‘rythrfud) tissue 
in the r(‘d m.arrow usually occurs and tin* granulocyte count- in the circulating 
blood is verv low. if a large. transfusi(.)n is given tin* granulocyti* count rises 
tem])orarily, but returns to its previous low le\<‘l in less than 12 hours. This 
observation supjiorts the conclusions of Sabin about the short life of the 
granulocytes. If blood is ke])t in a vessel outside* the boely the granulocytes 
die in a few hours, as is proved on exarninatioji of tin* white cells on tin* 
warm stage. If these* de’ael e-clls an* t.ransfuseel tin*y are reinove*d almost 
itistantly from the cirenilation. 

Unde*r certain e'ircumstaTn-e*s, the re*tie*ulum cells in the spleen, instead 
of giving rise to lym[>hoe’ytes or monocytes, may give rise to the myelocyte 
s<*rie*s e>f e-(*lls (p. 22b). 

The Lymphocytes. l)i':vKi.e)i*.\n:.\T. Norinally the* lym])hocytes are 
fornn.M.l chielly in the lymjdioid tissue's of the body, I.e. lyjupli neieles, s]»le*en, 
thymus, tonsils, IVyeu-’s patcln*s |aggr(*gate*d lymjdiatic lujdules] in the 
intestine, and e)nly te) a minor exle*nt in the* bone marrow. In conditiems 
associated with lym])hocyt(»sis ami in lymphatic leukemia the* marrenv 
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lym])hocytes l)ecoiiH^ numerous and overshadow the other types of white 
cells. 

T]»e details of the development of lymjdiocvtes in lymj)hoid tissue are 
as i\)lh)ws. In the centre of the lymphatic nodules is the fn'inn’nal crithr, 
consisting of n*ticulu!n cells some (d‘ which dilTei-ent-iate and ju’olirerate to 
lorm large? cells with pale juiclei called h/mpl/ohlasfs (Plate IV). These are in- 
distinguishahle histologically IVom myelohlasts. They divide to torm Ittnjr 
Ipntphocylvs, and tJiey in turn become condevnsed in size to form amall lyuf- 
phiH'fftrti. The lymphocytes form a more (h*ej>ly staining zotn? at the periph<*rv 
of the lym])hatic nodules. 1'hey leava? the gland in the efferetit lyni[)haties 
and ultimately enter th(‘ circulation via the thoracic and right lyinphati(*s 
ducts. It the thoracic duct is brought out to oj)en on the surface, there is a. 
sul»stantial diminution in the numlMU- of circidating hlood lymphocytes. The 
total nund)er of lymphocytes enteritig the thoraci(‘ duct in tin* eo!irs(‘ of a 
day is ai»out two and a half tim(‘s as gn‘at as the total ninidx'r p?es(‘nt in thi? 
blood stream at any one tinic.^ Tliis suggests that tin* life, of the lymphocytes 
in the circulation does not exceed a few hours. Th<‘ lym jdioeytes formed in the 
bone marrow pass directly into the cinmlation. 

Fate and FcrNCTiONS of Lymfuocvtes. There is much doubt about 
the site of destruction of the lymphocytes ; one view is as follows. The 
germinal centres of the lymphoid noduh?s are not only concerned with 
lymphocyte formation but also contain many macrophages fdled witli frag¬ 
ments of dead lymphocytes ; it is suggested, therefore, that the lymphocyte's 
^ 'i’offcv, ./. Amtt., 1033. 67, ‘JaO. 


Ki:y to Platk IV, 

MATPHATION J.N I.VMPHOIl), .MOXOC’VTK, AND TUHOMIUK-VTK SKIMKS. 

1. Lymphoblafit. 

2. Laryf, or yovmj !yuiphocyle, : <‘ytopIasm is I'airly el«?ar 

3. Lanje (adnll) lymphorylf' : eyfoj>ljis.in is fairly almralanl and is clt^ar liglit. hJin*, con- 

laining scvrral l,o niariy large* rcddisli graiujlf.^ tf»\vards the |K'ri|iliery oi the eell. 

4. Medittm lymphocyte. 

"). Small or adult lym phoryte. 

G. Krylhrocyle, for etaiijniri.soii of size. 

7, S. Large lymphocytes oi thv type most frequently in inh‘etioiis nionomieji'osis. Nucleus 
is dense with some fenestration of ehromatin, and is often (‘eeentrieally |>]aeed. 
(ytoydasm is abundant, with irregular edge ; it is clear light, l)lij(‘, denser at the margin. 

9, 10. Lymphocytes of phisma-eell type. Nucleus is eeeentrically plaet^d, flarkly staining 
with densfM'hromatir elumjjsoff»*n in earl wlnad arrangement, (’ytoplasm isabundant, 
dark blue with clear areas mair mi<-h‘us, and stains more densely at. the periphery ; it 
often has a foamy appeaj’aiiec*. 

1 I. Monoblast. 

12- ir>, .Monocytes. (Jceasionally there are vacuoles, evidence ot a»:livt* phagocytosis, at 
the pcrijthery of the cytoplasm (as in loj. 

It). Monroiuclear jthagm:ytes., e.nd.othelial phagocytes or clasmatorytrs^ the Jaigest e<‘lls 
ordinarily fouml in tlie peripheral blood. Cytoplasm is jln(‘ly granulat»'d and 
contains many \ aeuoles of aP si/,<*s, often filled with ingested material. 

17. Krythrocyte, for comparison of size. 

18. Megakaryocyte and Platelets {thrombocytes). Cytojilaam is light blue with dark yiurple 
masses of granules and no visible cellular membrane ; it is here seen to trail in long 
paeudopodia from which masses of platelets break off and arc scattered as individual 
platelets. 

Reproduced from Plates JV and V, Blackfau, Diamond, and TiCister, Atlas of the Blood, Tlie Coininon- 

.vealth Fund. New York. J944. 
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return via tbe blood (or the lyiuphatics) to the lymphoid tissues where they 
are destroyed. 

Elxtracts of lymphocytes contain y-globulin, which is the jdasma protein 
fraction containing the immune bodies, i.c. the substances concerned with 
protection against inb^ctions (p. 1‘17). The dissolution of the lymphocytes 
thus discharges immune bodies into the efferent lymjdiatics and so into the 
cireiilation. The ]ym]»Iioi(l tissues hyptuirophy in tin* conditions (‘numcrat<Hl 
(»n p. 1017 ; they atrophy »:‘arly and markedly in starvation. 

Monocytes. A S(^paralc line of devtdopment of the primitive white cell 
in tlic marrow and in lym]»hoid tissues irives rise* siicc(*ssivc.ly to monffhhhsts 
and ntnnociffrs (IMate l\'). Ib'fUJiyelocyteN may closely resemble monocytes 
but can be distinguishe<| by the pcro.vidasc reaction. The my<‘loid family in 
gfuicral contains a /H'roridayr which r(‘a(:ts with liydrogeri peroxide and 
benzidine, when these arc poured on to a film, in give l)luc eytophismii* 
granule'^ ; tlm enzvim* is al>sejit from the monocytes which tli(*rel‘or(‘ sliow 
no sucli granules. It must l>c noted, howeV(U‘, that even in the case of gramiio- 
evte sei’ics tlj(‘ <*ii/yme docs not aj>]K;ijr hijorc the premyeiocyte st.age ; the 
peroxidase* slain caimot thendbni distinguish l>etween myeloblasts and 
moiiocyles or ])et\vcen myelof)lasts and lymj>hoblasts. 

'the circuhitiug inoii(»cytes are actively [»hagocytic and ca.n ingest foreign 
jiarticles such as pigment and bhuul protozoa; tlu'v art*, possibly destroyed 
l)y the macrophages <h‘ tlie tis^^ue^. 

Changes in White Cell Count in Disease. An inereasc* in the total 
(•irculating h'U('ocvtt‘s above 11,000 per c.mm. is known as Icacocf/tusis : a 
(lecrease }>ch;w 4000 per c.mm. is a IrHcoprjfia. A diUcreiitial leucocyte 
count (‘nabl(‘s the percentage and absolute numbers of the different varieties 
of white ceil to l)e determined, 'fhe ahsolalr figures are far more importanl 
tlian tile alterations in the, relative |»roportions. According to the tyfie of 
cell involved, a h'Uc(»cytosis may be <leseri]K‘d as neutrophil, ('osinojihil. 
nr basophil leiieoevtosis, lvm})hoevtt»sis, or momxwtosis. li(.‘U(.‘oj)enia. Is 
gcncially due to a neutropenia, i.c. a decrease in the neutrophil e(‘lls. 

NkctkoI'Hil Lktcocvtosis oeeiirs in many inlhnnmatory conditions, for 
example, in juicnmonia, (‘iidocarditis, and jjyogcnic infections. The Jieutro- 
pliils mav number 20,t)00 or j0,00t) or even. 150,009 per c.mm., and constitute 
90 9r)"j/of the total white count, ilrcat multiplication of the myelocytes 
occurs in the marrow, and leucocwtes arc dischargcfl into tlie Idood stream 
in enormous numbers. There is naturally an increase in tin* proportion oi 
HOfUffj hmcocytcs in the circulation ; this is known as “ a shift to the left. 

Kosrxtri’iiiLn; Lkucocvtosi.s occurs in infections with parasitic worms, 
in allergic conditions (hay fever, asthma), scarlet fever, and many skin 
dis(*as(\s. Tli(‘ marrow shows great ju'oliferation of the eosinophil mvelocv1(‘s. 
'flu* level of (ui-eulating eosinophils i.s r(‘gulated directly hy tlie mirntal 
rorfiroids and indin*ctly Viy ACTH. This subjeet is fully discussed ou 
pp. 95] <7 snp 

Ansonr’i’K l.VMiMiorvTosis is comparatively rare ; the rrlatirr. number 
oi‘ fuirvntfKfr of lvmphoevt(*s is cd* (xuirst* deen'ascMi in any cfindition of true 
graniilocvtosis and it is incri*ased when there is an absolute decrease in the. 
granuIocvt,(‘s, as in enl<‘iic infections ami many chionic amcmias. Ib^yond 
indicating a. mmtropcnia these j)ere«*!if:age changes are ot no significance 
U‘eausc the total lynijihocyte count is unaltered. Absolute lymphocytosis is 
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a normal |)liciiomenon in infauiy and orcurs in rortain (lis(‘.a.s(‘S Iik«‘ wlioopim:- 
oou^li ajid ulaiidular r(‘v<‘r. Lyinj)lnH-yie.s prcdoniinato in tin* tissno response 
to tlio tulMTclo bacillus, ami an* ibuml surrounding nialijiJiaiil t-umours. In 
condirio?is of lynvpliocytosis, hyperplasia of the rod marrow occurs, and 
lym[)hocyt(*s form tin? ])redominant element found llien* hisl.oloLo'cally.^ 

In infectious tuouonueJeosis the total white count rises, cjj. to 12,000 per c.mm. 
and 50 70‘b', of the cireulatinn ei'lls may b<* aluuirmal-lookiuit mononuclear 
(‘ells- ]U‘ol)al)ly atypical lymphocytes. M<mo('i/t('s an* increased in sorm^ 
virus diseases and in prott»zoal inlcclituis such as malaria. 

Control of Leucopoiesis.“--Comparativ»‘ly litth* is known alumt iIk* 
factors responsibh* for the maturation of tin* white bhux! cells or lhns(‘ which 
n‘ouhil(‘ tlu'ir discharut' into the circulation. S<um* of tin* factors re^mlatiii^’ 
l/ranulopnlrsfs will b(‘. considcn‘d h(‘re. Sabin obstuved that followijjg the 



I'lC. Il’ 4.- Kfl'ect of Irijoctiniis oil Oie .M;uro\v of 1 li(‘ 

Normal OahUit. (l)oan,./. Annr, nmt. 


\. Xorinal tiiarrow Irniii iip|'«.T ofiihia r«-tiio\t‘il at l»i<.>|Ky [»ri(a’ K» injrrl idiis. 

I>. Marinw Cioiii nj.|j('r rinl of* titiia aftrr daily itijrfdidti.-^ mI' 

iiiK lentUh' (n ;{;> jj. r.'irhj. ,NoU- tin* di-rna-'** in (In* lat spai-i-s atnl tin inerras*- in 
( clliilarity wincfi is dm’ to li> in ri)lasia of tin- nixrloid <m-|Is. 


app(‘aran('e of showcis of senile ^ranulocvtes in the circulatiiiL^ blood numerous 
youn^ motile cells could be found. It was su.u;t^est(‘d that some, product of 
jLoanulocyte disinteiiration stimulates tin* tiirnin^-oul of new cells from 
tlie marrow, tin* normal count thus beinji mainlaiiUMl. As nuchde acid 
is an important constituent of all nuch'i, observations wi'n* tnade on the 
effects of injectinj^ this substance and its deri\ativ(\s into Jiornial animals. 
SodiuTu nucleinate, pento.se nucleotide (which is normally jtresimt in blood), 
adojivlic or ^^maiiylic acid, adenine aJid ‘juianim*. salts all induce a Jiiarked 
neutrojihil huicocytosis and no toxic effects. Tin* condition can be kept U]) 
for many w<‘(;ks ; no inimatun* forms aj)p«*ar in the blood. "IMie red marrow 
shows intense nu/cho'd htjpcrpJnsid (.Ki;Lr. 121), and n(‘W ccJitn's of white cell 
formation may apjiear in the s|)leen or kidney, //cutosc nucleotide has lie.en 
u.sed in the treatnu'nt of agranulocytosis ([». 222) ; it> is U]ic(*rtain, howc'ver, 
whether any members of this jrroup an* conc(*rned with the nonual control 
of f»ranulopoiesis. 

• Tn tlir Inukfrmias, primilivi* white f*clt‘< appear in tlie circuJating hlrxxl. 

“ Duan, J. Amer. med. Asaoc.^ 19,‘{2, *JU, J94, 
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f nflanimatorfi cxudatm in rn;irninal.s aral man contain protein constituents 
which inllucaicc white* c(‘ll J’nrniationJ A pse*inhe-,irlohulin wliich is ii Ivunt 
rtflosIs-pnxJui'lnf/ faefor has heem isolate'd : when injer^teMl ifito aJiimals ii 
cause's ^oe*at cxteMision anel liype'iplasia e>f‘ the* mye*loiei tissue in the marrow 
iinel a eliscliajiie* e>l‘ ^n‘a.nuloevte*s into the* eire-ulatioji. le-aelinn to an inenvase* 
up t.e> fe>ur(ol<l in the* earculatintj leuee»cyt<*s, ?naijy e>j‘ whieh are* yejunji ee*]ls. 
It is likely that this ^lohulin plays a part in the* normal re‘sjM)nse* e)!' tlie bone 
marrow to inleerrions. Ane.)tJie*r ai»(*nt, a poJypcjttiele*, has bee'ii isolate-cl Irom 
inlhim mat eery e*xu(lates whie*h inelue*e‘s a lransie*jit Irnntpnfia whe*ij inje'cte*el 
ijito (]o_iJ;s, '.riie way in wliieli tin* leiie-ocytets elisajepear is not e*h‘,a?-, but it is 
assumed that the*y are^ trappe'e! “ in various ore»a!is, v'.e. the* Iuiil^s, the* liver. 



t'lej. I2“», 'rre'af incnl of A^ranul»»c vtosis with \(i<‘h*<»fidt*. (Doan, ./. .-Iwa'/*. vied. 

ItKtJ, Uih) 

W- ;iljsuluti.‘ iuiiuIhm's oC irr;uiiil(H-\ U s and llu-ir jirrrur^iors ( - imviOomI pt*r c.niiA. .M-- 

m\<*locyti‘> .'iliouu a-: a piTi-i'iitairr ol'ttMaJ myoJfatl o'lp. 

Xoti; tlu? initial iiKTfasc ill Hu-iiiyL-lm yltt connt whirli hiTuIds tlic iiicri-'asi’ in j^ranulocyte ruiint. 

anil especially the spleen (j)e*rha|)S ae*ee)untiny for the* e.*nlarue*me*nt of the 
s|)le*e*]i in ce.u’tain intlanimat.euy state's). It is probable that., the* white cell 
eliaiii^e'S in the* marreew aiiel bloeeei in intlammalion de*pe*nel larj^e'ly eui thei 
nature? e^f the? [eroeluets abse>r)»e<] fi'euii the* alle'cte'e! tissue's (p. 22d). 

Agranulocytosis.- In this (lise*ase the circulating granuleniytes greatly 
el(‘cre?ase in number or almost completely disappear; the lymphocytes are 
unafl‘ecte.?el, Agranule)cytosis is often elite to the^. te)xic actieen oi drugs, 
sul])]ionaniieles, amidopvrin, jirsjihenamine*, geelel or t-liioiiracil. The patient 
is usually gravely ill aiul show’s severe? throat inlections; ceimmouly there is 
bacierial invasion of the hlood whieli may be the cause of ele'at h. JliXamiua- 
1 ion of the marreiw' proves that there is failure ejf granulocyte* formation. In 
some (*ases (aplastic Ufpe) myeJejie] (•e?lls are .ne)t visible in the marrow, and no 
eJilferentiation of the*'re'.ticiiriim cells is taking [ilace ; tliis group is at prese'iii 

^ .Menkia, Dtfnomir.s of JHfhitnnifitlnn. lOlU; Awer. ./. Pdlh.^ IU4.t, !U, 10:^1. 

‘ Pe-ttes .‘inel WiiiUn * /.fOeW, i, 20.-1. Israelis and U ilkinsoti, Quart. J. MvxL, 

io:{7, 6, 
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not aimni{jl)lc to treatment, lii otliers, myeloid deva*lo|)nn‘nt |)ioeee<is as far 
as the niyelohlast. or niye,Ioc 3 'te slajjje, hut niafutrtfnfnulnci/lrs air f<tnia'ii 
and are tlierefon* not de]iv<Ted into the hlood (eoinpare the ini]»erreet niatura 
tioTi of the ine^alol)lasts in pernicious aineinia (p. Ihli)). in some cases of th(‘ 
second i^roiip, the injection of nucleotide leads to an active res|>onse mi the 
part of the marrow and finally to a restoration of tlit‘ granulocyte, count to 
normal. During the lirst few days of treatment immature cells (myelol>lasts 
and myelocytes) apjiear temporarily in the hlood stream (funning up to lo'/o of 
the granulocyte count) ; this is followed on about- the fifth clay by tin* entrance 
of \'Oiing granulocytes and later of mature granulocytes into the idood and 
bv an increase in the total white count (Fig. 120 ). I’he In'ralding of imjieiiding 
im|)rovemeiit by the transient ajipearanee of immature white cells resembles 
the reticulocyte res]ions(* se(‘n in cases of p<'rni(‘inus anaunia treated with 
liver ; tliis lik(‘wise precedes the rise of the red eell count. Nucleotides and 
related sulistances thus jiromote tlie maturatinn o\‘ the granulocytes in tliis 
disease, as well as stimulating tlie niveloid cells to prolife.rati* more ra.pi<ll\' 
in normal subjects.^ The as.soc‘iafed inlection is tn^ated with a suitahle drug, 
(\fj. penicillin. 

Inflammation/^ —The cardinal features of inflammation are local heat, 
redness, swelling, and pain. 'the rise of feiirprnifinr is due to increased 
blood flow^ from arteriolar dilatation ; the irdness is due to capillary dilatat ion ; 
the syrlJlifji is due to (*xc(‘ssive exmlation and aceumulation of protein-rich 
Iluid from the more permeable v(‘s.sels in th(‘ tissue-spaces (i/ajlaitiinafor// 
fn/flina.) 1'he vascular changes arc due to products of tissue da,mag(‘ or of 
bac-terial disintegration or toxins. Tin* outflow of ]>roteiii-rich plasma carrier 
the j)rote(*tive iiiimum* bodies (a.ssociated wilh the r-globulins) out of‘the 
blood to combat, tin* organisms or their toxins in the tissues ; among tli«‘.">e an* 
antibacterial and antitoxic substances, agglutinins (which clump tin* bacteria 
together) and ojisonins (which prepare the. ba(;t(‘ria, for ingestion by phago¬ 
cytes). .At tirsT, because of the arteriolar dilatation, th(‘ blood courses rapidly 
from the arteries to tlie veins. With ])rogre.s.sive ca])illary dilatation and 
local hamiocoiiccntration the blood stream is incnMsinglv slowed. Tin* 
(*orjuiseles at first remain in the ceritfc of the capillary as an aria/ shram : 
but tlie leucocytes sfjrnehow ]>e(‘onie adherent to tin' capillary lining and arc* 
prevented from being swept on. They .soon pass out through the s(‘eminglv 
intact caj»illarv wall (diapri/csls) and (*s(‘ape into the crevic»*s of tin* tissne.s, 
where they wander about. 

According to Menkin all the phenomena of inflaniniation are due to 
specific agents which are released from the ti.ssues, which liave been iijjiir<*d 
by the. laict(*.rial toxins ; lie probably underestimate's f-ln* pa,rt playcul directly 
/pf liaeterial tori ns oii the blood vessels, blocul-forniing t issuers, and the organs 
generally. 

(i) Menkin believe.s that a diffusible cbemical substance whicli attracts 
the leucocytes is lilierated from tin; dead tissue cells and the derad bacteria : 
he has isolateMl from inflaininatorv exudates a polyp(‘-|)title [Irac.oUirine) wliich 
exerts a chemical attractive influence (ehemolaxis) on the grajiulocytes 

' A niarketi flo<*r(?asr in the granulocyto count may result from o.xccs.sive destruotion 
of these colls in splenic overactiv^il v (“ livpcrHj»l<Mii.sm/’ p, 229). 

2 Menkin, Physiol. Rev., 1938, 18, 36(i; Arch. Path., 1943, 36, 269. 

® Menkin, J. exp. Med., 1938, 67, 129 et seq. 
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ciiusiii^^ tJifMii to uji^^Tiil-e out of tlio capillurios ; it also iucroiisfts c;i|>il]arv 
pentKNibilily. A siitiilnr .substiiiico is pn^seiit in tryptic, digests of scrum ; 
l(*ucotaxiuc may liu'nddrc rc.prcsciit an iutcrm(‘(lia.ry product of tissue- 
protein hydrolysis. 

(ii) l*rol)al)ly bacterial toxins bavf' similar actions. 

(iii) 'file l)aet('ria in tie* 1 issues are <lealt with by the leucocytes and the 
aiilibodies which liave (;xude<l from the plasma. The dobris is li(pi(vli(;d and 
liiially renjoved by tissue scaven.m*-r (tells (monocvles, histiocytes). 

(iv) As was (explained on p. 221, Abuikin claims that a (('urnciffnsis 
jinKliU'inff faefor [>asse.s from the site of inb^ction into the blood stn'am to 
stimulate th(‘ mytdoid tissue in tlie r(‘d bon(‘ marrow ; a Irncopen!c factor is 
alh'i^ed to cause. th(‘ “ tra])pini^ " of circulatiipiz leucocytes. Accordin*^ to the 
natun‘ of t.lie inf(*etion, the. ])rolileration of diftere.nt kinds of whiter c(‘.lls in tier 
bone marrow is stimulated atid dilfeixuit cells aix; “ trapped,” leading to a 
charact(‘ristic white cell pictuix* in the circulating blood ; similarly, diHerent 
ty[)(\s of cells pa.ss (uif. of the blood vess(ds into th(j iiiOamed area. 

(v) I’wo other a.g(‘nt.s descril>(*d liy Meiikin may be released from datiiaged 
ti.ssues at tin* site of inf(*.ction : ncerosin, whicli further damages the tissues 
locally and when it enters the general circulation damages organs elsewhere : 
pl/rexin, which disturbs the t(‘nip(‘rature-regulating mechanism and induces 
fever (]). 


THE SPl.EKN ' 

Structure of the Spleen.— The spleim is cov(*nMi by a caf>sul(‘ which 
contains tibrous tissu(‘ and unstriped musch*. Thes(‘ |>lain rnusch* fibres 
contract at regular intervals (S('V('ral times per minute) stpuMizing blood out 
of the spleen and thus driving it on towards the liv(‘r. The arteries pass in 
at. the hiliim surrounded i)y connective tissue, and soon divide r(‘p(‘atedly ; 
tlie smaller branches become surrounded by a mantle of lymphoid tissue 
whicli swells out in plac'es to constitute larger nodules, the Malpujlua/a 
vorpasclcs {hofJics). 'Idiese are s(.attcred fairly uniformly through th(‘ substance 
of the organ and nsually have* a vessel in el()S(? relation t(( them. The inter- 
v(*ning tissue or splenic pn/p etjusists (^f a. framework of tihn's derived from the 
lil)roiis tralxicuhe which pass in from tlic capsule and aec.ompany the incoming 
arteries. 

The special cells found in the ]>nlp are (Kig. 12b) : 

(a) Large a.m(xd)oid ]diagocytie cells wdiich are part of the tnacroph(f(/c 
(n'ticulo-endothclial) system ; (//) rcticnlum cells which show cjiarai’tiu-istic 
responses in various jiathological states (f). Ibl ) ; (c) a f(‘W giant cells. 

V'ASonr.AU AnuAN(3KMt]NTS.- There is still considerable un(‘ertaintv about, 
the vascular arrangements in the spleen : Knisely's views are as follows : 
after passing through the Maljughian body the small artery breaks up into 
a, bunc.li of art.erioh^s with W(‘ll'd(.*veloped muscular coats which constitute 
the afferent sphincter : th(‘ arterioh's lead into a network of int ereommunieat¬ 
ing capillaries or sinuses which drain into collecting v(‘nnh‘s. and then into 
small V(;ins. At the junction of sinus and venule tliere is a further aggrega¬ 
tion of circular mnsch^ tibres whicli const it nti* t he cffcroit sphincter. Some 

' IVfir<!(r, Krumbhaar, and Frazier, Sptcen (Hid l*hila(tel])hia, IIMS. Bareroft, 

Lancet^ 1925. i, 319. Krumbhaar, Physiol. Rev., 1926, 6', 160. 
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workers l)elieve tliat then' is fr(*(; eoDiniunicatioii tlirou^li apertures of v> 
size between the blood in the sinuses and venules with the interior o( the 
j)ij1]). Fi^. 12(5 illnst rates this view and sliows the |>iil|> packed with re:l cells, 
many of which have l)et‘n taken up by jna.cropha^(*s : it also shows the free*- 
passage' of blood (a'lls from |)iilp to venules and from venules to pulp. Knisely, 
from his studies of the living spleen, belir'ves, on the contrary, that the 
endothelial lining of th(‘ sjdenic sinuses and venules is ((uite intact and 

that under normal conditions 



V e f 

Fio. I L’t).-Strijcturo of Spleriio Pulp. (Sharpey- 
Schafer, Kxsc.nlifih of IJ i mI ofoyu.) 


u,a n‘ii rolls in i>iilp iiinl vonulo: />, <7- rrliriil<)-oinJfitln*|iai 
<-rlls (in!i(Toj»liiii'r>) ill piilfi ;in<l vrniili- rofilaininir iiifrcsJr.l 
rod rolls ; r^-~rrtii-iilijiii rrll : r- vrinnis ; r-riido- 
thrlial lining ; / - nnworK ul fibre.*, oiitsidr. vmiilr. 


blood cells cannot ])ass out 
into the pulp, lie describes 
the following remarkable 
\ar‘ialions in the blood How 
til rough the smaller splenic 
vess(‘ls (Fig. 127) (l)Ut it 
must b<^ emphasi/ed that 
his iindijig.> still lack indt*- 
]>ejideiJt coiilirniation) : 

(i) There may l)e a mjiid 
blood How from allerent 
arterioles to vc'iiules tlirough 
narrow capillaries. 

(ii) Filliuf/ Phase. . The. 

efb'ieiit sphincter contracts 
|.)reventing t he outllow from 
capillarit's to venules. The 
eaj)i]lari(‘s Ix'eome ]U‘Ogres- 
siv(‘]y distended witli blood 
and can now be called 
sinus(*s. Tljcir high internal 
])ressure drives ])lasma. out 
into the j>iilp, so that the 
sinus Ix'comes a sack tightly 
packed with red eorjiusch's. 

(iii) Storarjc Phase. .The 

allerent sphincter closes so 
tliat the sack of cor[)iiscles is 
shut- olf from tin* circulation ; 
ncgligilih^ nunjb(?rs of r<xl 


cells eseap(' into the ])nl|). 

(iv) Pwptffinfj Phase.—Xfu^v mimiics or liours the sphincters relax a,nd 
the blood pressure drives th(^ tliick past-e of cells into the venous circulation. 
Red cells only appear in the piilj) and undergo iihagocytosis there as a result- 
of trauma to tlie sjileem or in dying animals. 

The points of agreejnent in these conHieting descriptions are: (i) the 
spleeji can store red hiood rrtts at times (in the pulp or in the sinuses) and then 
discharge tlicdii into tin.' general circulation ; tlie magnitude of this storage 
function varies with the sjx'cit^s and is suuill tn man ; (ii) during storage' the 
H'd cells are eithf'r broken down ]>y maerophages or. whih'. separateef from 
tlie j)lasma in the sinuses, tliey may be so modihe'd that they are subsenpiently 
more liable to undergo disintegration. Tln^ main point of dillerence is, of 
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course*, whether tlie reel cells corue in direct. cf)ntact: with the celluhir elements 
of the pulp. 

\Vki(,’N r oi'’ Si*LKi;.\. Atenufr data, from people who ha ve di(‘(i of accidents 
show that the sj)h*en increases in weiifjjht jirogressively eluring the f»eriod of 
hodv^ growth to an adult hivel of about boO g. ; then* is some, declim*. during 
later life. Tin* imltvidunl vv(*ights in such series show, howa*ver, a mark(‘fl 
degr(‘e ot scatter ; most normal adult spleen weights lie between 50 and 
250 g, with a few undcjr 50 g., and a few at oOO 350 g. The. wide range of 



Kid. 127. -Changes in illoud Sinuses of Transilliiminated exf (‘rinri/,ed 
Spleen, showing I'iJling, Storage and Eni|)tying Kliases. 

A.S ain'iciit Kjihiiictcr «»n ;ifn n'iil. artcrio|.‘.<. 

I■:.S. rllrn*iil .sphiin-tiT at Jutuiiiiii t»| caiiillarv t^hinusi aiai v.-milo. 

I. I'ri'c (Voiii aUcTfiit :irtori<ili- tiir)>u<;h simis O) M'iiuIi* innif/ncfitut phasf). 

■J. lari^rrnl; (distal) spliiijfti'f bcuinnin^ to i-Josi-: .sinus lilliiiL'. 

4. KdVnMit spliiuctcr shut. Siuii.s }'n*atly di.'.lriahHl, plasma r.vapfs, rt'il 
i-idls rcitaiiunl. In t, attrrrul ^proximal) sphiii«-n*r alsu closrd - stnruijr pliasr. 
hlmptijimi pliasr; rdriTut (distaO ^piiiurtfr rt-laxrs and tin* thifU |)astr-liki- 
riiiiti'iits of till* v.*imus sinus arr dis«*har;rfd into thr vriiiilc. ( K iiisrly, A tntt. 
litu-., I'.uiti, ;is.) 


wt'iglil nia,y in part be related to the varying nniounts of blood present in 
the urgndi at death. 

Functions of the Spleen. -I. Bj.uod Fou.matid.n’. (i) During the 
s<*cond half of f(i*t.;d life the spleen is actively engaged in forming rhI blood 
eorpuscles (p. itiO). Ill states of eiue.rg(*ucy, as in antemia. caust*.d by 
destruction of tin*, bom*, marrow this function may bt* resum(*.d in post-natal 
life, (ii) Tlie Malphighijin corpuseh^s an* eharacteristic iioduh*s of lymphoid 
tissue, ainl liy their proliferation add to the nuinb(*r of lymphoeytes in the 
circulating blood (p. 21.S). 

Tn the. leuhrtH'iaft th(‘ normal cells of the sjilenic piilj) disappear, and are 
replaced l)y masses of lymphoid cells in lymphatic leuka‘inia, and by numerous 
myeloblasts or myelocytes in the myeloid type of leuktemia. 
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2. F)L 4 )<h> I)i-:sTin'<Ti(>N.—Tlio in;u'r(>plijii;<*s of tlio sjilocii jitt' Ix'liovod to 
(lost my rod colls (p. lyiiij^liooytos, and Mood pl.ilolots (p. .155). Tlio spleen 
is iindon5t(‘dlv a silo of iKoniotrlohin In-oakdown and of lailirnlMn formation 
(p. ISS). Tlio >p]('(‘n ma\ make tin* nal o<‘lls wliicli ai'o store*! in its simisosor 
in tlio jailp more sjtlionM-yiic and s(» mo?*o liaMo to iindorii'o limniolysis (ufjnf). 

5 . J{i':sKi:V(HI! ok J{ki> t'onnrsci.K.s. -In suiiio in.immals (c.//. cat, dojn) 
tlio s]jlo(.‘n is an important ros<‘rvoir (»f rod Mood ceils, wliicli an* disidiargod 
into tin* oonoia! cii(‘ulatiou in states of t‘ni«*!:LioiH‘y associat(*d witli min:na, 
thus incroasiiio tlio (.)xvm*n-carrvinii powo?" oj tlio hlood. Ano.vi.a acts on the 
e(‘Mtnd nervous syst..(‘ni. (‘ausini!: a discliaroj' of inipuls(‘s aloiij^ the synij.iathetic 



I’ ll.. llM)..iiUTo.isril HciJ Cell (!(Uico)if nil ion aiid 

SjionluiK'oiis I la niolysis in JtJood <?\pcIlod fi’oin 
Uo.sliiiir .Sploon. (.Mollm’cii, ,/. P/njsioi, P.llf!), 
4 s:t) 

Ml Dll- lil.tMiis Were 'i„'. tl ',ii nfhr ht‘in;/ <lrn>rii, 

n:i*iii:n.'M rit tiil>t“., I t'l Cl ; M iKJiih IiIimkI t.-iUm at sm- 

liilcriaK ilnriiii' conir.n’lion oC tli<’ s[ilct‘ji result¬ 
in'.; I'rwin in«‘«-haiui*:il iinuliiliuu u1 llu' i)r>;itik. 

■I'ulx's 7. ainl nMitain Mood I'loiii luli ritw \rn:i eava. extiTiial 
juuular vriri and ramtid arl» r\ i\i.ly ; IIk'm’ st rec a.'' 

<'nnt(uK wiUi t*’sin<'t tu lia'iiiatncril value (i.c. eorpu^eular 
eonn-ntr.'itidii) .’(lid |||;^■'nia eiiluiir. 

Ni)l<- tin hi-jliir n’d e< ll rnnli-Ml, in tin- spl'. jiii- \rnmi« lilutnl 
i*:'p;Ti;d)> 111 liilii'S 'J, 4, ulicii tlir .splt ni<‘ l•Mnl^a(•ti(ln 

vva- nia.viniai and I la- hlno,/ fni‘rinH'<{i/ n/nffi/ in Ifn- nrifitn 
fh 'f)n/ 4'X}fllni. .'’'piiidaln’nn,-, hauindv^(■aM'^inl: darkeililejl 
dflli'- pia.-'iiiai pri--enf in I, lie. IiIikmI jn nilii-x -j fo 0. 


KitJ, I'JS. (5)ritnicti<.di of 
Sploon (('at) at'K'r K\or- 
eiso. (l»iirorutt, 
i. 

n(‘rvos to the sploon .‘ind 
the adrenal iiiodulla.; und»*r 
llu* (.‘01111)1110(1 nervous and 
iioriiional stimulation tin* 
sph*on contracts, lyv virliio 
(‘illior of the sinoolli niusolc 
in the (nijisulo and lra.l)e(.‘uho. 
or hy tln^ oiiiptyino of tin* 
lillod hlood sinus«‘s. .\no.\ic. conditions whioh produci* these- cffocts are : (i) 
diiniuisliod oxyoen tension in the in.'^J)il•o^{ air {(■.(/. hioh altitinh's) ; (ii) carlion 
moiioxidi* poisoning' : (iii) Iconiorrlia.iic : (iv) s(‘Voro. niuscuhir oxoroiso 
(Kio. 12 S). Knijitvino of tin* s]»h*on also results from nn*ohanical stimulation, 
from raisiMl external toinporaturo which is ass(»ciat»‘d with an incr<‘as(‘ in 
plasma volume and dilution of tin* colls of tin* hlood, diirino o*strns (lu'at) 
and ])ro^niaiicy (thus providin,i^ hlood for the turLod .Lr(*ni‘rativ(‘organs), and. 
durini* othor and oliioroform amestliosia. 

Shtml hlooil r.rjK'Ucd fntnt (/trsplrrn lias certain distinct ive oliaracti'rist ios A 

(i) Its ml vvil ronirnf is above that in tin* j>(*noral (‘inMilat ion (Fie. 125 ). 

(ii) Tin* xnihnvututiun ntir. is markedly slowed down (indica.tiv(* of ;rediie(Ml 
rouleau format ion). 

(iii) Tin*- cells ;i,ro more sphrmryfir (]). 170 ), and so und(*roo In-eniolysis in 
hypotonii^ saline at concentrations as liii/li as O-ho”,,. 

* Watson and Pairio, Amrr. . vnd. ItMIt, l!Ht 
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(iv) Oil bOii^r iillowcd to sl.imd in rifro iIm* hlf)oil iiiwFrL^oos sfHn(fain‘f>ns‘ 
/ni'tHolf/sis to ;i si^niliciuit (‘xiciil (unlike JVom oilier vessels or orjians) ; 

this point is well illustrated by Ki^. I2li in whieli splenic vadn blood vvasallowe<l 
U) stand for bO minut(‘s after it was drawn before bein^ centrifiined. Tiies<‘ 
Ihidiii.l^s snjijiest tiiat the stcra.^e jihase may prrjiair the red trlfs Jor Inmutli/s/s 
(ill t he sjileen or elsewhere). 



Kies. i:i() ,\ ;iu(1 li. I-'llccts (»f Splenic .Manipiitoinn arni Spleiiej-tnniy in I’as^c ot('<jn- 
i^eiiilal Hleinolvl ic (Aclininric) .lanni{i<*c. (Muilified I'nnn Sliarpe #7 at.. Arr/i, ml. 

Mrd.. 67,” 270.) 

I (ipcr Kci'oi'il : ('li!niv;«"< in ri il ei'H rutml. l,o\\fr Heriinl : Ch:Mi<„'«‘> in mil (-ciuiit. 

Al allow, Spleii. S|tl« ii«'i fi)iiiy iM-rCoMniMl. 

Note On* ciionnous increase in circnlaiiii’j reil cell ami white cell (•omit." |>roi)ueeil hy inanipuliition of 
the splei'ii at opirration. Tlic re<l cell eumit xhow.', a temporary Mecline Irom the maximiim anil then 
rises a.s tlu' benetleiril edeets of spletieetoniy ilevelop. I'lie wliite cell eonul slowly sinks to uonnal. 
lOMier Ibrins of ana-inia ilo not show the.*.e reactions.1 

(v) The rod cells in the s])leen may ;jivt^ stainiiu: reactions indicatiriir tiiat 
tindr intracorpuscalar hiemoulobin has bee.n broken Tt'.l(*asiuif inorganic iron 
m sifn. 

Tin* blood storage Junction of the sjdeen in nonnai man has not been 
convincingly deinonstrateil. Thus, though both injection of adrenaline, ami 
ynuficiilar exercise increase the red cell count in man, they product* comparable 
eflects in splenectomized subjects and tlien'Tore the changes cannot be 
attributed to splenic contraction. 

In cases of congenital hwniolytic jaundice (j). 22Vt) the spleen can discharge 
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large iiiinibers of red e(*lls (and white cells) into the general circulation. 
When ex])osed at ojx'ration (for splenectomy) the organ is s(‘en to he very 
large ; during its mechanical inanipnlation it raj)i<lly becomes smaller. This 



Kio. 131.—Efrc<-tfc! of Spleiu*ct(.)niy in (\‘i.sc 
of Grave lla^niolylio An.'eiuia with 
Circulating Hternolysiii. (I)rawu from 
<lal.a, by Daiiiesliek and Schwari//., 
j\euy Kngl. lued. J., 193S, 2JS, 70.) 

Jtcconls from above downwards: liwmo^lobiii 
[)0r ci^nt. (lOOV,,-li'i ;! s-Vi,); reticulocytes 
j>er cent.; red eell iMniiit (inillioiH iier e.mm.). 

On iidiiiission : ^riive aiumnia (red <re|ls 1(1 
million, li:enio|'Johin 4 :)%), evidenee of 
Inemulysis (jaiindiee, raised serum tiilirubin), 
and marked red marrow response (liyjier- 
plastie bone marrow, normoblasts pre- 
tlominatiim, retieiiloeyte^ Hi Diau- 

nosLs of birmolytie ’.•ina;mia. Cireiilatint; 
haunolysin subsequently demonstrated in 
scrum. Condition rapidly deteriorated in 
spite of re]M?ated trunsfiisions (750 i^.e. and 
500 e.c. of l»lood injeeU'd at points indicateci 
by arrows), 

Splen(a:tomy carried out wlu-n alniosl moribund. 
Ha]iid ]»ro«ressive iiiiproveinent In state of 
blood and decline in rtriiculocytes. The 
removed spleen weiKbed 500 g., was con¬ 
gested, and cont-ained infarct>s; no incrc^ase 
In splenic macropliuges. 


change is associated with a marked 
increase in red c(*ll coimt, Jiaonoglobin 
concentration, and total whitf? cell 
count of the jH‘ri[)heral blood. Typical 
results are sliown in Pig. KIO; tlie 
eirects of splenectomy in this diseas(? 
an* considered on p. 

4. K K n A TT o N T () i 1 /T: mol V s I N 
PoKMATKLN. - Whcji red cells of a 
fonugn species arij repeatedly inj(‘et(‘d 
into an animal, specitic luemolysiiis 
are formed (p. 17i)) in the spleen and 
other organs jirobably by the retieulo- 
endotludial system. Then? are also 
rare clinical conditions in Avhich tlic 
spleen forms ha:‘molysiiis that (l(‘.stroy 
tile patient's own red cells. Pig. 131 
shows the blood hndings in sucJi a 
case. Tlie patient gave one month’s 
history of f>rogreSvsive weakru'ss, fiallor, 
and jaundice. Then* was evidence of 
aniemia of the liicinolytic type., with 
im?reased serum bilirubin, and an active 
marrow res])ons(‘ as shown by a high 
percentage of circulating reticulocyt(‘s 
and normoblastii* liyjanjdasia in the 
bone marrow. Ida? jiatient rajudly 
got w^orse in spite of re[)eated blood 
transfusions and liver therapy. When 
he was almost morihund spleneetuiny 
was ])(*rform(^d ; the nunoved organ 
weighed 500 g. The op(*ration was 
foll()W'(‘d by smooth recov(*rv. A 
hdonolffsin w^as demonstrated in the 
serum, lu oth(*r eases the serum 
luemolysiri found W'as destructive, to 
cells of all the blood groujAS including 
the pati(*ut’s own cells, WcTs peculiar 
in cliaracter, and was antag()niz(*d by 
incAibation w ith normal human serum ; 
a. h.-einolysin with similar i)roperties 
was e,vtra(!ted from the sphjen. Blood 
from til is kind of case usually gives a 
positive? Coo7nf)S test (p. 172). 

The evidence just presented streng¬ 
thens the suspicion that the spleen 
may normally be concerned with the 
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liaMiioly.sis of rod (‘(‘lls or witli subjootin^ i honi to some, t.reatrnoijt propanitorv 
to actual Jjioinolysis. 

o. Rklation of Spleen to Purphra ll^iMORRiiAGiCA.—Soo p. Iblb 

(). Defence pEArTiONS.—Tlioro are many ol>servations to sliow tliat t])o 
iuacn)plia<ies (njticulo-oudotliolial systom) includint^ those in the sjdoon, are 
actively conc(;rnod in the. deibiico of tlio body against infection. 1’hus, if 
the. macrophages g(.*n<‘ra]ly a7‘e j)oisoijed by iiijoction <»f collargol,* th(‘ anioimt 
of i)innN'nc ])odi(‘S formed hy the animal is diminisherl. Sj)hmt‘ctornized 
animals cannot be immunized agaitist tetanus toxin. Aft(*r splenectomy 
animals sma-urnl) luorv readily to intercurrent irifec^tions than do the controls. 
'I'he s[)lenic cells unite I’eadily with di]>hth(‘ria toxin and retain it, and thus 
prevent it frojji exerting harmful effects on the body as a whole. Ihict.<‘ria. 
inj(*cted intravenously are taken up with great rapidity by the macrophages, 
wliieh are also concerned with engulfing larger [)arasit(‘s, like those of kala- 
a,zar. It. was pointed out, (]>. ‘ilS) that the macrophages in the germinal 
<*entres of lymph nodules d(‘stroy lymjihoeytes and so release their contained 
immune body {'/-globulin). Jn many subacute and chronic infections, e.(j, 
in typhoid fever, the sinuses of tluj lymph nodijs and the sfdenic pulp .are 
j)aek(‘d with mononuclear cells which ]>r(‘suinably deal with the invading 
organisms. 

Congenital Haemolytic (Acholuric) Jaundice.- In tliis dise.a.se the 
cells an' shorter and fatter than normal {spJicrocytef>) ; as there is a rediKanl 
ratio of cell surface to (‘edl volume the cells show increased fragility in hypo¬ 
tonic salim? (p. 170 and Pigs. Ob, Ob). Jf the ccdls from a patient are trans- 
fus(Ml into a normal ])ersou they hiive a short surrirnl time, c.//. 14 days 
(normal fibout 100 days). No jilmoriiial luemolytic nu'chanism has Ix^m 
demonstrated in tlu‘se f)atients. Bi'cause th<^ ceils an* ahnormal they are 
d<*.stroyed (‘X(‘<^ssively ra])idly in th(‘ i:)ati<‘nt\s own body ]>roduciTig aniemia. 
f'roin time to time and for n(> known rea.snn erythropoiesis is tfunporarily 
susp<*nde(l ; the .amemia then liecomes v<uy severe as Jialf the circulating red 
cells can ])e destroyed in 7 days. The serum bilirubin is rais(‘d in tins disease 
and jaundice, develops (hftmohfiic jaundice, (p. TOO)), but no bile pigment 
appeals in the urine (lienee the name “ acholuric ” (cf, ]>. The red 

marrow shows eonipensatory n(>rniohlastic liyjauplasia and the reticulocyte 
count is high. 

As alnaidy pointed out there is marked red c(‘ll storage in the spleen in 
this disease (p. 227 and Fig. 130). Splmcclomy arn'sts thi' abnormal blood 
destruction ; the serum bilirubin falls, the j.aundiee disa])|)ears, and the red 
cell count gradually risi's to nornuil; but tbe sjiherocvtosis and t lu' incrca.s(*d 
cell fragility in hypotonic saline remain unaltered. It is not cle.ar how 
sf)leneetomy produces its lieiieficial elfeets. 

Hypersplenism. —Clinically cases are. encountered in which enlargcunent 
of the. spleen is associated with suggestive evidence of ov(*ra.ctivity of t.lie 
organ, leading to excessive (iestrvetion of blood pfatelefs, yranoloeytes, and red- 
blood. C(dls to a varyiny extent. Some or all of the following changes m.ay be 
found in the blood : 

(i) A markcid decrease in the platelet count (Fig. 132) sometimes associated 
with signs oi pnrpvra (p. Ibb). 

^ (Villargol IS n. eelleidal silver pn*pnration. 

“ Dacio and Mollison, Lnncut^ ii, o50 ; Daeic*, Quart. J. .l/rr/., 11M3, 72, 101. 
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(ii) Decrease or disappearanoo of tlie neutrophil granulocytes (granulo¬ 
penia, neutroj)ema)j in spite of active luyeloid })roliferation and maturation 
in tlici hone marrow. 

(iii) Aurntrlft due to exee.ssivf‘ hlood destruction (with raised s(*runi 
bilirubin and jaundice, ami sometimes with evidtuice of marked <‘rvthro- 
]'>lcagvH‘vtosis in ti\<‘ sphM'ub 

d’liese patients are curevl bv splenrrinitnf. .1 mincdiat.i'ly alter ihi* operation 
there may be a Tuarked overswing of tlie jilatcFt (‘ount (c.//. to 2*5 million 
per c.mm.). and of the granulocyte count (c.//. to 2(MKH) p(*r c.mm.) ; these 
reactions [U(»]>a]dy indicate that the byp<*rt rojdiied bone marrow goes on 
manufaeturing these cells in large nundxus. and as are no longer being 



I'K;. Kllts t «»|‘SpU'Mectoiiiy in 'J'hruiMl»«M \ l(>}K'ni<.' IMir- 

Ml !«• 11 s (MiMlilicd rr(*m 

\\'isriMMii ;ni*l l><*nn. Ann. ml, Mrd., JU-tl!, Hi, llOU.) 

(iirl ML'f'l rtiilh'i'iiiL: Iruiii |>iii(»ufic iliriT \\;is ni'nlt‘r;iti‘ 

sf( uiit.l;ir\' iiiild jp'nt.-Mid olii<<isf roinphti' t/i.snjiiirni- 

OHi'r nf hlmul filtilrh t'dli.iw jli;; ulii_\ lllr |dMl»‘lrts ri>M“ 

i:i|iidl\ l(‘ o\* r TImmc Mhtt ii tfm))oi{ir\ 


excessively destroyed, their (umnl in tlie blood tem])ora.rily rises to a, high 
le\’<*| : ultimately a. normal statr* of the bloo<l is atla.ined. 

Probably Jio liaid ami fast distinetion shonld be diawn betwetm this 
group labelled hypeisplenism, cases of splenic ameinia with circidating 
haunolysin, and cases of purjiura Jucmorriiagica. (witii low ]tlatelet, count) 
that. Ixmelit Ironi sjiJemM’toniy. Our knowledge of splenic function in health 
or disease is too uncertain t(* allow dogmatic, <jj)iiiions on the subject. 

Results of Splenectomy. -'I'hc main results of sf)lem*ctomy in m)nntil 
(lulmals nrv. A 

(i) An (Dutniiit of the hypochromic type, mild or mod(‘rat(‘ in cliaracter, 
wliich usually r(*aches its severest stage. aH-er l.\ montlis and is rollovved by 
slow and sli'ady recovery during the succeeding three, or four months 
(P'ig. A). The red count rarely falls below ;.»,()()(),OUO pe.r c.mm. or the 
haiinogh)bin below 55",,, These results are cjuite unexpected in view of t.h(‘ 
relationship of the spleen t.o red cell destruction, Unfortunately there are 
few data on tlie subjee.t in normal human beings. Krumbhaar Ixdic^ves that 
* Singer and Weisz, ,/. mrd. Sci., HHr), illO, ItOl. 
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the spieeii gives rise to souk* suhstiince wliieli f]()rmii\\y sttitiulafrs (/ir 'tnarrow 
1.0 jK'tivity ;ni(l lluit I,lie anjenii.-i is due to •If^erea.sed jiiarntw a,cti\'ity. 
Tlie aiiieuiia, is later eotnpeiisated for l»v In'perjilasia of the ?e.i| houe 
tnarr()\v. 

(ii) 'Idle I'ed cells are Ihannr and consecjuenlly are more resistant to 

tin* aeti(M\ of hyj»»vtoni<‘ sidine '.ai) ; iheir life, span is nut ju-tvlvniged. 

(iii) In animals in vvliieli the splej^i is an important ?'**si*rvoir <» 1 ’ red ('clls, 
th<.*,re. is diminished n.'sistaiie.e \u seve.re anoxia from any cause, (e.y/. 
h;cmorrhage, (.’() jioisonircj). 



Kig. C.'h.'inf^eK in !l;einoizlohiri Values aiul Ketl (Vll (-ouiit afler Spleiiei temy in 

Nnrtna.1 |)«),irs. (Kriinilihaar <1 oL, Spleen, and Ana-mia.) 

111)',',, : hauiiotrlohin concentr:i1 ion j.'. per inn c.c. 

Kite ; rcil cell ((iniit. in niillions per c.inin. (It 

(iv) Blood dcstruct ion and hiliruhin formation continue to an undiminished 
extent (p. ISS) from conipensaU>ry activity of nnicrophages elsewhere. 

(v) .In some animals resistance to (*ertain forms of inteetion is <leereased. 

(vi) There is an une.xjilaiiUHl increa.st* in the iolal number of Inirocf/lrs, 
p(‘rha.ps to 20,000 -10,000 jier c.nim. ; this is almost entirely due to the 
increase in tin* iK‘Utro|)hil count, wlfn'h returns to normal \ ery slowlv (Fig. 

B). 

Splenectomv IN Man.' This oj)eration is bem^iicial in man in congenital 
haemolytic jaundice (p. 229), iiyperspleiiism (p. 230), splenic arucinia with 
circulating haemolysin (p. 228), and some cases of purpura hiemorrhagica 
(p. 159). 

^ l^caniKUitli, /irit. nnd. lUoI, ii, (>7. 
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Notk on Tkkminolooy ok Abnormal Hlouo CuNorriv^NS in 
I \ F A N TN A \ 1) Cll TLI) I{ F \ . 

'riie tfriiiiuolojiy of tliosc* coiulitioiis is linhlir 1.o givt* ris(‘ to <*()nfusioii : 
llu^v Mrt* gathered together Jiere and eonmn'iited on brieity io tlu* hop(‘ of 
produeiijg some degrre of elarity. 

Hacnmhjtic Disease (p. JHO) ; a condition due to llu* lia'inolylic action of 
tlie Rhesus antibody on the fetus and new-born infant. Some of tlie mani 
festatioiis of this di.se«ase arenamt‘d as thougli lliey wer(‘ indepeud(‘nt clinical 
syndromes (which they are not). Tlies<^ names include ; i(*t.enis gravis 
neonatorum; congenital anamiia of the new-born; erythroblastosis betalis 
(erythroblastiemia) ; liydrops fodalis; k(‘rnict<M-us. 

Icterus yeonaforuut (Jauudicc of New-born) (p. Ib2): prol)a.bly due to 
functional immaturity of the liven*. 

Hfnnorrlanjic States in Infants (p. : possibly <liie to \^itamiii-/\ 

dtdicumey. 

Uatnophilia (p. IbO). 

J^arjaira (p. loT). 

('tattfenifal Ha na>hf(i(‘ Jaandiee or leferas {Donifctiital Aelothirte daandtee ; 
('onyenital llainnliftir Antt nii(t) ([). 22b) : a, congtniital abnormality ofst met lire 
of the n*d ce'lls. 
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THE HEART AND CIRCULATION 


STHUCTIHIK AND I’HOPEKTIES OF HEART aUiSC.'LE' 

Cardiac Muscle..The musde fibres (»f tlu* lieart are eyliii(]ri(ral in shafx^, 

have a nucleus situated centrally, and l)rat)ch, uniting by th(*ir branches 
wilh adjacent fibres (Fi^. J31). They are longitudinally striated as is all 

C P.F. E. 



I’H;. 1 .‘>4. Si f’uct iiiT‘<»l llojni. M erhtt iii'ati tint] GrftfJnr 

lif'tfisl rut hm 11 nut 

Si-<rtii)ii tliiMiii^h shrt p’ft 

.^lusclf fihres <i( volilrirlr. 

IM''.-- IMiiUiiijr film's (M paraU-a by i-nnuirlivr tissue.) 

^)n tlic rii^hf harRl is fb» lining ol lln* \riitriili' (I’..). 

.Notf Uii‘ of tin- I’ui kiiijr lilut-s. 


muscular tissue, and in addition they show sonu* frnnsrrrs« striation. As no 
definite cell numdu’anes are pri'sent between the individual fibres, heart 
muscle must be regarde<l as a syncytium. For all })ractical puri)oses th(*re is 
functional continuity throughout the muscle tissue of the auricl(‘s and of the 
ventricles T(‘spectively. 

Special Junctional Tissues of the Heart. This term is employed 
t o d(‘scribe certain tissues in the heart whi(*h are concerneil wit-h the initiation 
and propagation of the heart Ifeat. They include tin* snto-auncular nodi’ 
and the junctional tissues—tln^ latter consisting ol the (luncftlo-i'nntnrnlar 
tiof/e : the auriculo-ventricular hundle, or htindle of I/is: the right and 
left divisiovs of the bundle., and their arhorizations under tlie endocardium 

* “(‘niisiill, poiiisc niiti sfii<]\ ' lifvvis, Miilmiiifini and firaphir Hcgidratam aj Hear 
Heat, Ilrd odn., London, lU-o. 

^ Xonidez, Amer. Heart. lUlfL 2(k a77. 
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and t.Jie laminal jihrvs whioli llio Vfii} riVtihi r siihstiincj' (Fi.i::. 

Tilt* biindlt! of ]jis imd all iis rainilit-aiiofis inav Iw culli'd /’z/y/z/a/r* hssnr 
(or Jilurs). 

(i) '’.I'liK Sl\() Ari:(( ri.Ai; \oni; i.-. -;iiM;iO‘d ;i* Ihr jaiii (icii of tin* .-ii|i(‘rior 
vena eava and tin* frt'o htirdtvr of’ tin* riuiii aiirin.'l.ii and fxronds 

down along the sulcus i(*rniinaii.s fur ;i di'^fance uf i* ( in. It is 1? nun. in 
width and has a rich capillary hlood v^uppl\'. ff cunsisi^ cM-ntially of thin, 
elongated rnustde til>res (ahoiif. oneMiirtl i in* si/.c of ht'artmuscle filues), 
fusiform in shape and longitndinally striau-<l, uinrh interlace with one 
another in a plexiform Jiianncr. These fion nurniali\- initiate flu hitiri heal ; 
for this reason the sino-aurieiilar node is caitMl liie juniimthfr. .Nerve cells 
and fibres forming tin* e.\cir.(»r relay of flu* va-ans in-rx ** (Kig. lub) and excitor 
(postganglionic) fibres of ihe symparlu'tic arc al-u pic.^ i.i (p. 
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(ii) Tut: Af'Ui( I■ la» \ i:.\ inn 1 r\i; .\uor; 1.- -iinao’d .-.'i t)i4' po- teiioi* imri 
right border of the inter-anricnlar s.t j.:"m .‘.e..; t!..- i;i. loh ihr ( (.mnarv 
sinus. Auricular muscle tibres from t.h«* region of thr coronarv sinus colh‘(d, 
fanwise, interlace, and unite, with flu* anricalo v' tiI ricular nodi*. In struct,lire 
this node is identical ^^itll the sino auricnl.-r fu.df.* 

(iii) Int: oi’ Ills rnn.^^ iipw-cd.- lu j !,»• po-l(‘iii.n' niariiin (.>f Ijie 

membranous part of the interventricular ami then Im wards below it, 

enshcathed and isolated in a (‘anal. At ihc aute.rior part oi ih<* ineinbrarions 
septum, in front of the attachment of the sejuai < usp of the tricuspid valve 

*'Idjf siMo-auririil.ir unde a i i; hi -inMhsn- «ii-\li-.j in:" I;.tin li-.'-nc which lies 

rit t,h(? CMitranoo (>f ihi* jirniiitivc riijht crea*- \csii ‘whirh comi'’.-- liic 

cava), 'i’his explains the positifMi uf the n.nlc aij.l its .ann'l.\ hv liu' rmhl vauus raTve. 
The aiirieiilo-vent.rirular node a. lefl-sidci! sumj. l.urc. si,|’,|..)i,'d ila-M lore lu’ the Icfl 
vagus nerve, and developed iVoni lissm* in iIk vicrjjjv iri f! c oiriijcc of {.he lell great 
veins which becomes the eonmary Kirius. 'I'ije a-natomiial ot the two nodes is 

thus :ilso aiieounted for (.Keith), 
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\.o tlio A.\. ili<‘ l<trks. 'I lie left division pinrcc.s the ineinhraiie 

and thr.n lies on tfn* upjM*r l.»nrd*‘r td i ln‘ innstMjlar septum to enter the sub¬ 
endocardial space of 1 li“ iefr vmitricJe bciifaih the union of tljc anterior and 
rigitt j>osrerior (Ui.sps of i in* aortic valve. This relation to the aortic valve 
is itii port.int., and explains Imw 11 ms bianeli of the hiindle ina.v be. iinpliciited 
ill ao^1M^ iiKM mi pel el lee. { he tn/fil d/r/sitm pass«*s d«.iwn t/lic. rii»hl. side of tlie 
.se.j)tiini a.nd is mainiy I ransinittrd in the nuxltu-ator band. b>olh hraiiehes. 
arc continued as an arixuizat lon oj fibres lymi; under lh(‘, einlocardiuni of 
botli vimtricles Irom which terininul tibres pcncliatc tlni vtmtricular wall. 

Ihnkinjc tissue (Immih* «»! tiis and braiicln‘s.) differs liistidogieally 
from ca.rdiac iimscde. In man tlu' Ihirkinje, tibres are soincwliat larger 
(range l(t lb//, mean //; ; i1m> celi i»ulline,s arc indistinct,; the central 
cvtojiliism is granular ami (••nMnms Mocr.d nuclei ; the, jH‘.riphera] ovtoplasin 
contains my/.'librilla' but tic-se an- .‘-;<*parale<i |>\' more sarcoj»la,sni ; the 
gly/.'ogc.n content, i.s gre.(ti*r. I ntrrfm‘dia.!« Ibrnis heiween tvpicai Ihirkinje 
fibres and cari.liae, musch* rd»r**.'> at*' nmm*.nms. d'h«* bundle of Ills contains 
nerve tibres and nianv b|(M»d \es«'{s. 

Properties of Heart Muscle. ( !) lOxcnAtuLirv ANi> f\)\rinAcTiniTV. - 
Heart iniiseh' is <:./'/ //,7.///c, >,c, it r(‘sp«md.'' 1 <» external stirmdi by cohir(ivlln(j. 
The '■ all-or noiir, " law (p. Is'.'i uj)j,lir> to ihc, Jieart ; if the external stimulus 
is too w(‘ak. n<» r»‘spui!se is oluaimMl : if' the. .stimnlus is adiHpiate, tlie heart 
respniids l.o the best, nf it'-' ability. In tlii'' eonnei'tlon t he a.iirieles or Nciitricles 
ladiaveusa simile unit, ‘o that an a.deijuaJe slimtdiis normally ]»roduces a full 
coni.laetion <•!' auricles »>r ventricles. The bn.vc of the c<uitfaction obtained 
ilepends on the st.ate Ml which tin* inusele tibres find thonisel vt\s. The force 
varies with (i) the inihUI of i.ie* libn's ((.», :i7o) ; (ii) the duration oftl.e. 

|M‘evions tHa.sloHr puKSi. ; an<{ (iiil tlie tudiirinii and oj’fffjan (p. 23(>)* 

(2) iii’.i' ii \< rouN I’kkioo, (i) 'Idir/uiLdiout the period of contraction, 
ImaaM, niu.scle is nhsoln/rlt/ rcfnictuvj ami <hM‘s nv*t resp(.)nd at all to external 
stimuli. Sunimatioii eift'cts are. iinpossil'ie, bee.au.sc one eontraction must la*, 
eijiiipleied and rt*coveiril fn.mi In'Torf* a fresh one can l)e set up ; a.s a cuiise- 
(jileiiee.. Infill inn,''/‘le (annot d«.v«*)op a, letaiiUs. The a-iiSolure refractory 
period of aurienlar mnsch' for h»‘aii rales np to iDii per minute is aboiit 0*2 
s<r(*<md. 

(ii) Shortly aftcjr the. cun t raction is over, the niusclc is rdatively refractory. 
Minimal stimuli fail to produce a response, but very strong stimuli are 
elfective. 'I’he biree of eont r.n-tion during this period is also subnormal. 
Finally, full recovery occurs.' 

(3) (.'oxnre 11 vn v is a. propert v uf all heart muscle, but is especially 
developed in the bundle of 11 is and its branches (the Purkinje tissue). Con¬ 
duction in Purkinje tissm* is at the rate of 4 metros per second, in the 
auricular wall 1 metre j)cr second, and in the ventricular wall 0*4 metre 
per second. In the A.V. node conduction is very slow about 0*2 metre 
per second. (Large nerve libres in mammals conduct at a rate of about 100 
metres per second.) 'I'he (*xcitation proc.ess is normally transmitted from one 
point in the heart to the adjacent one with no diminution of intensity, as in 

( 

^ 'l.’ho p'f'ricf (»fy pi*ri.<;) loinrV-.-^t i?i I f»f: \.V. ii'nlc, inttriric(li;i.t(' iit flu* vent rides, and ? 
.shortest in tin* ;mri(*lc':. (.j rtain dni/s. likr a.nil «|iiiMidinr. pr/doiig tin? absolute 

ndractory [« riud ; stimuiaLiun ol‘ the vagus sli«»Moii.s liw duration of h\ si<> 1 o, and so 
dimini-ihcji tho rvl'ractorv iH'rui.d, 
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nerve. When the Purkinje tissue is damaged, it conducts more slowly and 
with diminished ifitensit-y like narcotized nerve (p. ISi)). 

(1) J^HVT^IMI(■lTY. The heart has the p()W(‘r of initiating its own impulse, 
without recourse to external agencies. Xornially llris fun(*ti(jn is carried 
out by tile 8..A. no(h‘, but umhu* exce|)tional circumstances the heart beat 
may be initiated for long periods by the A.\ . nod(‘ or oth(*r j)arts of tin* 
junctional tissues (cf. p. 2^0). 

Nutrition of the Heart. —This may be studied by perfusing the isolat<ed 
heart through its coronary vessels. The heart is removed from the body, 
a cannula inserted into the aorta pointing towards the heart, and connected 
with a pressure bottle. The nutrient fluid under ])r(\ssiire is forc.ed into the 
cannula, closes the semilunar \’u.lves, perfuses the coronary arteries, and thus 
reaches the heart muscle ; it returns to the right auricle via tlie (joronary 
sinus. The heart is attached to a recording lever and is soon found to contract 
rhythmically (note that the ventricles are empty). The role of the following 
factors can be demonstrated : 

(1) Temperaturk. —Cooling the perfusing fluid slows the heart and may 
finally stop it; warming the fluid quickens the heart. These eOects are 
due to alterations in the metabolic rate of the S.A. node. 

(2) Pressure. —If the pressure of the perfusion fluid is lowered, the force 
of contraction is diminished (cf. p. 237). 

(3) Oxygen Supply.- .If this is inadequate, the beat becomes feeble and 

irregular and finally stops. 

(4) Constituents of the Perfusing Fluid. —The inorganic constituents 
are more important than the organic. For the mammalian heart, fluid 
with the following salt concentration is best: NaCl, g., CaClg, ()*024 g., 
KCl, ()*0‘12 g., ^’aIl(T) 3 , (XU (KKI g.. dislilled water, KmM/.c. 

Tlie part played l»y each (‘onstituent is as follows : 

A'V/". The Na(3 is mainly responsible for giving tlie fluid its proper 
osmotic pressure so that it may be in ecjiiilibrinm wuth tJie lissiu's. Na. ' ions 
must be juv.sent in the interstitial fluid to maintain th(‘ exeitaliility of heart 
inusele (and sk('h‘1.al muscle and nerve), its contractility and its rhythmic 
activity. 

C(r ^. If (X ’ ’ ions are added to the ])erfusiug fluid, the force of the heart 
is increased. If (’a ' * is fireseJit in exet^ss, the heart c:ojit,ract s w<‘ll, but relaxes 
juogressively less ; the beats become progressively smaller in extent, and 
finally the heart stops in a condition of extreme, contract ion (cfilcmm riqor), 

A'. Excess K- causes increasing relaxation of the heart, and finally 
brings about arrest in complete diastole. 

7/* ion ConceMralion .—The fluid must be slightly alkaline. Increased 
ion concentration causes relaxation of the heart apd f(‘(d)l(Mi(‘ss of the 
beat; (excessive alkalinity ])roduces the r<‘verse eflect. !' Exce,ssiv<i artificial 
respiration in an intact animal results in washing out of COg from thc! blood 
and consequent alkakemia. ; the lieart contracts forcibly but floes not relax 
during diastole to receive the venous return, and so the output and blood 
pressure fall. 

Metabolism of Heart Muscle.^ —Cardiac muscle resembh‘s skeletal 
muscle in its chemical composition and in its metabolic i)rocesses (cf. p. 42()), 

’ Clark d ah^ MdaholUrn of Fray's Umrt, J.iOiKlon, IIKJS. Kvaiis, bidin. wed. »/., 1939 
46, 733. 
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Certfiin diHcreiices are noteworthy, the most ini|)()rtaiit beitifr that cardiac 
muscle cannot continue to heat aiter its (K supply has been used up, i.c, it 
cannot incur an oxygen debt (f>. Id!*). 1’lie en‘e(rts of cutting oirthe (roronarv 
blood jlow are, therefore, grave (p. 23S). Heart nuiscle can take up lactafr. 
as w(;ll as glucose from the blood. 

The ojf/fjen covstuttpft.oH of the heart varies with tin*, amount of work it 
has to perform ; it tlius ir)CF‘eas<\s whe?i tin* peripiMU'al resistaiua^, heart rat(^ or 
output per beat rises (tin* oth<‘r factors in each ea.se remaining constant). 
The u|>timum mechanical (dlieiency of the licart is about 30% (cf. p. 4‘H), 
and is ()])se.r\'fd when the cardiac output is high. 

Ill the intact animal increased peripheral resistance is, however, often * 
associated with reflex cardiac slowing ; tlie work of the heart may then increase 
without increasfid oxygen usage, i.e. its elliciency increases under these 
circumstances. Efliciency also increases wilh rising output )a‘r minute up to 
a (‘(‘rtain point ; if the heart is ov(u-worked, liowever, it dilates and its 
eJlicieiK.-y falls off again. 

Coronary CirculationJ- Nerve SupjAy.- The coronary vessels receive 
a rich innervation from both tlie vagus and tlie sympathetic. The vagus 
conveys constrictor fibres to the coronary arteries. Section of the vagi in¬ 
creases, and stimulation of the peripheral end of the vagus diminishes the 
coronary flow ; in the latter case the same result is obtained even if the heart 
is artificially maintained at its previous rate by means of electrical stimula¬ 
tion. Stimulation of the sympathetic dilates the (soronary arteries ; cerebral 
anaemia and asphyxia jiroduce coronary dilatation, in part by stimulation 
of tlie sympathetic sujiply to the coronary vessels. 

The blood sujipily to the heart is adjusted to its varying needs, the main 
factors responsible Ix'irig nxipjen tensinVs CO^ tension (and ion concentra¬ 
tion), 7nean blood pressure, nervous rejlexes, temperature, adrenaline, and 
certain non-add products of activity. 

(1) Blood Composition. .Anoxia greatly increases the coroiuiry flow; 

a fall in the o.xygen saturation of the arterial lilood to ‘*^0% has little effect, 
but a fall to may incr(*ase the flow four- to fivefold. Bxcess OOg has a 

much smaller elfect. A change in the (X).> content of the inspired air from 
3 to 7% only incn*as(is the coronary flow by r)0%. Adrenaline, as might be 
expected, dilat(*.s the coronary arteries in most s})(‘cie.s (p. 725). 

' (2) Jnjluofcc of Arterial Blood Pressare. The mean aortic blood pressure- 

is one of tin* main factors whicli control tJie coronary circulation. Tims in 
tlie denervated liearl-liiiig preparation (dog) (p. 27()) an iiicrea.se in mean 
lilood pressure from bO to I3n mm. Hg may iiicriMse. the corona,ry flow from 
20 to 250 e.c. per ininiifc*. A loir blood pressarc from any cause similarly 
Iliads to an inijiaired blood supply through tlie coronaries and defective 
nutrition of the lu*ai'1, which further depn^sses the state of the cireiilation. 

(3) Influence of ('ardiac (hitpat. -If the nerve supply of the heart is intact 
it is found that the ((tronanj Jlow inerrascs as the cardiac output increases. 
Arirep at-trilnites this jes])orise to ifjlex Inhibition of the vagal vasoconstrictor 
fibres to the coronary arteries. 

(I) Coronary jlow during the Various Phases of the Cardiac (^gele.A -T]ns> 

* (Jrt'gg, J*hyslot. AV/;., 194(), 26', 2!) ; ('ornnary Circutaliou in Health ami I disease, 1050. 

“ By “ mean blood pressure ” is meant the mean of systolic and diastolic pressure. 

® Green, Gregg, and Wiggers, Amer. J. Phyaiol., 1936, 7/2, 627. 
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depends on the resultant of two main factors : t he aortic blood jfrrssare aiid 
the state of the coronanf blood vessels. The main conmary 'ihjlow ociciirs 
'during the period of ventricular diastole, while tlu‘ main outflow occurs during 
■ ventricular systole. Closer analvsis shows t ha.1 tlin*e piuises can l)e recognized 
(Fig. 13G) : During the isometric contra(‘lion pliase tin- aiulic hlood pressure 
is niiniinal and the intramuscular Lranches of the cpronary vess(‘{s are firmly 
com[>ressed by the contracling vvall the ventricle. The con)nary inflow is 
consequently sharply redma'd (a) (hut the o/zZ/Aw'-is (‘orM',.p(vn(iiugly increased). 
During the ejeelion pliase the eonmary imlow roili»\\s the rise and tall of aortic 
hloo<l jrressiire (h). During isfunetrie relaxation tiie eonmary inflow mounts 

sleeph' heeau.-.e the aoiiie pre.^sure, is 
luL’Ii end I he venl rieiilai' wall is now 
r«*la\ed (e). Tlie iidlow, however, goes 
on rising f o a hum t he. niiddl<‘ of t he 
diastole (j'or no very eh‘ar rimson) 
although the aoftie fjfessnre is falling. 
I'lu^ inllow deeline.- during the r<‘st of 
<iia‘-tole with the deerease in diastolic 
juessiire.^ 

( 5 ) (.'oronurtf Fhor iu bxemsc. in 
J/az/. ---'rhis can he calculatt'd with a 
^ fair degrt'c of accuracy and turns out 
ito he about one litre jwr vdnute in the 
■mo.si violent exercise." This imtiumse 
'eoronary flow’ may ht* attributed in 
the light. o\' the rt‘Siills discussial above 
to Ilu‘. following factors: local rise of 
(••D.j tension and of 11 ' ion eonemitra 
tioii a.nd tin* liberal ion possibly (»f 
non-acid. dilator metabolites (ef. 
|). : low o.xygen hmsion in the 

heart : secretion of adreualim* ; relhvx 
inhibition of the \;igal vasocon- 
stih.'tor libres : raised svstmnie blood 
pressiin*. 

Rkstti/fs ok ('ouo.N.MiN' ( h»N.'’ hi.\ peri Mien i . 1 1 jy it is found that if 

both main branelies of tlie left coronary artery are fif'd, death usually r(*sults 

^ (compare }>. 4.‘{g fur I,tie lilood How eliange.s during eonira.ctifui in skeletal muscle. 

2 The inaxiniuin out fuiL of the heart per niimite in e\ereisi‘ is aiiout 4U litrt's. Ltg ns 
assume the mean hlood jiressure if) be lUO mm. Hg. 'flu* vutric ol ttu* left vfuUriehi ((ujt.- 
j)ni X r'esi.'^taiiee) can then he ealenlatfd and i." hmud to l»e I'f|ui\.deni, to I i!S g.-calories 
ttlu' stnall calorir. i.s tiere nd'errH'd to). If the meehanieal f‘Hiei(?m*y of tlie heart is 
tak«*n at a maximnin f)f tlie total riu'V^y liheraterl hy the elunineal elianges is 

.12Sx It 3S4 g.-eal<*ri»‘s per mimiie. Jf the ol’ tlie right seiitriele is one-fonitli that 

of tlu^ left (owing to the low pnlinonarv |.»ressnie), tln' total energy output of the lieai‘1. 
is !{84-; U() 4SU g.-ealoi’ies jiei' riiiiiuh’. tMi e.e. <)., an* needed to liherate t his energy (I e.e. 
Og -o g. calories). If 12 e.e. an^ obtained foun each lUU e.e. of eoronary hlood, the 
flow' through the eoronary arteries must he at least SOU e.e. r htimUc (Hill). 

'* The detailed distribution of the eoronary arteries is liescrihed l>y (jSross {Blood 
Supply of Heart, 1921, New York); the anterior dcsetuiding hraneh of the left coron¬ 
ary is particularly important because it is occluded more often than all the other 
branches added together. This branch supplies portions of Uolh ventrieles, ».f». the apex 





Kiu. Hit).—Changes in Coronary Inthav 
during Phases of C.Viniiac (.'yclc. 

I'lUMT r(’cunl .\ ; .Xmlic ti.e-in-.r I own 

( ; ('fir(ni;i.i.v inllew. N'nti'.'nl liMt- 
S, .U, iiiiirK uii.'ft rr'«|M I'.li\t I.\ «»l \culii''U;<r 
systole ;Mi(i Uiil.sldle. //, h. t‘ «.| 
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froni viMitrifiilar fil)rilla1iou (p. 294). If tli(* circunifU'X or 
antcrinr dosrMMiilitm lo-aiirh is ]i;ra1(‘d, no serious cireulatorv eliaiifios 

may l»o notrd. If ihc liiilil coronary artery is ligaUsi, about half tlu* exfxu'i- 
mental animal,- may sm \ ive for jonner or .vliorter peiiods. 

('liitirdlh/ coronary occhi itjji niay prove fatal instanlaneoiisly or within 
a few niinul<‘,s, fioiirs, or days, m- d* ath may occuf later fi'Oin lieart failure, or 
eood recovery may lake p]ai;c>. d’lic comliiion is chaiaeterized by pain which 
may be severe and proioimcd, j>crsi.-.tin^: for lumrs or days ; it may b<^ ndatively 
una(f<‘ele<l by morphme. d’lie symptoms of coronary ocidiision are fully 
consideie<l on p. 7b0, io whieh r«‘f«*r»m(‘e .-.hould Ire madi‘. d’he rd-fejred 
pain in tlii.^ condit ion a. v* iy wide^ di-.trilmtion, and may be ac-eompanietl 
bv t.end(‘rness and iL'idify of tie* ;ii)domiiial wall, miusea. and vomitinjz. 
Tlier<* ar'e mai ked of .v/or/- ; n'^tien-yrv'V hue, swi'alinu, and a vau'V feeble 

pulse. The hinnil pi^ssun hdls markedly, sometimes to an extt*nt whieh 
interfere'^ with the si.cirtem o!' urirje. d'lu' eh‘ct.r’oeardi(>e!-Mj)hie chaULn's 
are ron<idered (U) n. 2ol, The n-aial si-jn-- of heart failure ma.v (leveiop.* 

OHItilN \X1) SPlIKAl) OK THK ('AK-DIAC T.MITTLSK. 
i:idt(T[J()( AltDKHJPvAIMIV*-' 

Electrical Changes in Heart.— Eleerri(!al imdluMis have provecl of 
great va]u(‘ in the study of the origirr. and propagation of the exeitatir)?) 
proe(\ss in the heart and in the investigation of eliriieal di.sor’ders of the heart's 
action. The sjjeeial itistrument e!ii[>loyed for these purposes is the dcrlro- 
ranlioffrapit. 

When iK'rvti or skeletal mustde i> stimulated,.tiic active region becomes| 
elee-tneally .n<‘gative with rcspeel to a re.siing region, resulting in a char- 
aet.<*r‘istie delle(;ti(tn (p. ISI) ; t he same true of heart muscle. The duration 
of tin*, (‘](‘errieai distiitTamc va^ie^ with the tissue; in nerve him- it is one 
or a few millisccfinds (p. Ta*.ti ; itr .4\c]ctal musele it is a, litth? longer but 
coincides ap]ji-oximaiei\- wiih rbc iateni period, the clt;elrical change being 
completed bs' tli(‘ lime lh«»T museh' teiir'iiui begins to dev<*]()p (p. r>t)2).. In 
cardiac musele. iiowcver. I lie eleetrieal distnrbanei* persists tlnonphnni thv 
period of stfshde and some cleeti ieal ehaiige may be present, evem in <liastole ; 

of tijc left vent rii'lc, tin- left aatci'iDr lliin.l of iln‘ right v(‘iil ride, and part of themt(‘r- 
vcutrieuliir septum, d’liere a rich aTia,st.(me»sis hetwarn the hranch(‘a of the same 
artery and hci wecri the right arul left coronaries in tlieir (‘aj>illary and precapillary dis- 
trihiflion. Tlie vascular ju'cds of licart muscle are ao enormou.s, however, that if a 
sufficiently large branch is l)iock«*d, death of t he corresponding region of the heart (infarc¬ 
tion) may take plac('. If a coronary \rs--cl is slowly narrowed an adequate c.ollateral 
(urcuiatidii is grailualiy cstaiilishcd so liiat the v(‘.ssol may finally he completely closed 
without harm. According to (Jro.ss, an:i.stomoso.s throughout the coronary circulation 
hecome nmre cITcctivt'i atid more c\t»Misi\e with advancing years, so that, other factors 
being cajual, the h(Mrt ol a man at GO is ]>cttvr prcparcil t«» withstand the effej'ts^^f coronary 
occlusion than the heart of a man at 20. 'Die results of coronary occlusion tlmrefore 
depend on the size and h)c;iti<n) of the vcasc:l, the rate of formation of the t.hrtunbiis, the 
age, and the sfiil'e of thi* gcricr.il circulafi'm. 

^ Jlat iioff, Alt’fllritfe^ lOtG, 2S."». 

** bewis, Afuchunisin and (x/ajihic Il(.'jistrali(hi. of Ilmrt Bcdty 3rd edr\., London, 1925. 
Goldborgcr, Crdpolnr Lp.ad Blprtrnrardiogrnjihip i*hila., 2nd edn., 1949. Nahum and 
Chernoffi, in Kultoji, 'Pvxlhook of Pky.tiolofiif, Ifith cdn., 1949. Hill, Lancet^ 1950, i, 9S5» 
1027. 
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ACTION POTENTTAT. OF SINGLE CARDIAC FIBRE 

it lasts, therefore, for about 0*1 see. in the auricles and for more than 0*3 se(*. 
in the ventricles. 

In the experimental study of the heart’s action direct or indirect leads 
may be employed. With a direct lead, om* or both electrodes are ])laced in 
dir(*ct contact with the surface or deeper |»arts of the myocardium. With 
indirect leads the electrodes are applied to more distant ])arts of the body 
and are affected by the currents v'hich are set icp in the hody fluids hy the potential 
changes yemcrated try the heart. (Hinically indirect leads are employed, though 
occasionally opportunities arise to apply electrodes dir(‘c.tly on the human 
heart. 

The normal electrocardiogram shows, during each cardiac* cycle, a series 
of deflections called PQlhST and I*. The first wavi*, P, is due to auricular 
activity ; the later deflections, QKST, represi'ut ventricular events ; U is 
inconstant and when present occurs early in diastole. As in skeletal muscle, 
the electrical change in heart muscle sets in before the beginning of nn’chanical 
contraction. The process responsible for the electrical change and associated 
with it has no gemirally accepted name : it lias Ixaui called the “ excitation 
process,” the “ propagated disturbance," and the “ cardiac impulse ” (this 
last being aiialagous to the term nervous im|)ulse.,” which is us(‘,d to describe* 
the projiagated disturbance in active nerve fibn*).* 

Action Potential of Sinole Heakt Mus(’le FrnuE.^ The exploring 
electrodes are disjiosed as shewn in Fig. 137 : one. el(H*trode, (8) is placed on 
the surface of the fibre, tin* other (Int.) is inserted into tin* interior of tin* 
fibre (frog veiitri<*le)ji, When the h(‘art is at rest, tlu^ interior t)f the lilrre is 
electrically nt^gative relative to the surlVice (Fig. 137, A); tlie ])oteTitial difler- 
eiice is about 50 mV. The surface membrane is thus polariz(‘d, i.e.. it sefiarates 
two unequally charged zones. Wlnm activity begins, the external surface 
rapidly becomes negative ndative to the interior (Fig. 137, B); the potential 
difference is aliout 30 rnV in the opposite direction. This stage is called the 
stage of excitation, invasion or “ depolarization.’^ ® It is followed by persistent 
sustained negativity of the external surfact* (Fig. 137, C); this is the stage oi‘ 
possession. Finally the surface negativity passes away and the original 
resting electrical state is r(*stor(*d (Fig. 137, I)); this is the stage of reemery, 
retreat or “ repolarization 

Vr^ When two surface electrodes are used, it is found that an active region 
is negative with respe(;t to a resting or n^covering region ; the dir(*.ction of 
the external curn'nt flow' is consecpiently from the resting or recovering region 
to tin* a(;tive region. The resting region is thus a “ source ” of current; the 
active region is a “ sink ” into wdiich tin* current flows. A recovering region 
beconnis progressively less of a “ sink ” and more a source of current. 

Relation to Electroc^ardkkjra.m. —Fig. 137 shows that the stage of 
invasion of the single fibn* corresponds in time with the QRS waves, and the 

^ The “ cardiac- impulse ” as defined aimvc* should not hc> confused with the 
“ pulsation,” visible* and palf)ablc on the chest surfucM', which is prorliicod by the im|)act 
of the contracting hc'art against the chest wall (apex Ix-ai, p. 205). It s))ould also be 
distinguished from the mechanical contraction of the heart. 

® Draper and Woidiiiann, J. l^hysioL, IDoJ, i/J, 74. (’f. the account of the radgin and 
]>ropagation of the nerve impulse on pp. 48.3 el fterj. 

® The*, membrane in the active zone is really jiolarized in a direction opposite to that 
found at rest; but it is an old convention to call this change (I(*poIarizatif)n and the word 
is usf*d in this section in the s«*nse just indicateil tcf. j). 484). 
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stage of rec()V<M*y with the 'V waves of the*, eleetroeanliograin of ti)e entire 
ventricle when utfltrrrf le.'nis are used. No oik* knows exactly how the 
inonojilinslr single lil)re |)ot<‘ntial is transformed into the rompirx waves of 
the vcmtricidar cardiogram.’ The following points should he noted : tin* 
arrangement of the \ entri(‘nlar lil)n‘s is extremely complicated y the 




0*1 sec, 

1 I i I I I I I 1 I 1 i I I I I I 
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Fi(;. Action rotciitia] <jf Single Heart ^Nlusclo t'ibrc (t'rog Vcrilric]»‘). (After 

\\ «»o(lbury, et al.^ CircuUtflon^ MtM), I, 2fi4.) 

(a) Disposition of l•ll•ctrollf•s. 

S- surfjHM- electrode, hit. t icctrodc in interior of fiiire. 

(h) ISelow : action potential of siiifrle lil»re. Ordinate: niillivolls (in\L Zero l»ase line : potential 
of surface of rr.st!n(j tlhre. Downwanl derteetkm : relative negativity of interior of fibre, 
rpward detlection : relative jieirativify of surface. 

A. Ilbre at n-sl. It, stane of excitation (invasion, ** dcpolari/ation ”). C, stase of possession. 

]), staire of n-eoverv (retreat. ** repolarizatioii ”). 

Above : eleetror-ardio^Main of fnejr vi-ntri< le (one cycle) usinj; indirect leads. 

of t.lie invasion process througl) the ventricular wall is not known witli ,, 
(a'.rtainty, man ; the duration of the ]>has(i of j)ossession in any ? 

region is unknown ; the exjict. stMjiieiiee and rate of re polarization are obsenrtL 
It is, therefore*, impossilde to d(*scrihe tlie moment to moment changes in 
the ptiitern of current ilow in tin* luNirt excejit in fairly general terms. To 
tliis extent the basic analysis of electrocardiographic curves is imperfect even 
in tlie cas(^ of the normal lieart . 

* Note also that tlu^ voltages reeurded from the whole heart by inclin?ct leads are small 
eompared with tlic directly recorded single fibre potentijd. 
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UNIPOLAR LEADS 


The currents which are ‘generated in the lieart are conducted tlirouf^liout 
the body fluids ; from the electrical .stainlpoiiJt the heart, can he le^arded 
as being suspended in a l>ag of salirui which acts as a voliiiiH* conductor, if 
the (diest is opened, or if tiie medium round tin* heart is altered in ot her ways 
\(e.q. by ])eii<‘ardial efliision, pneumothorax, or thr pres^mi'e of emphysema) 
tin* pattern oi' current spnaid through the ho«ly (Inids i.s altered ar)ti the 
eha'trocardiogram T-(‘corded by indirect leads is coiaespondifigly iiioditic'd. 

Electrocardiographic Leads. —Two kinds of indirect leads are employed : 
(inipolar ami bipolar. 

1. Unipolar Leads. —One electnah*. the exploring electrode, is ])la<‘(Ml 
on an area of the hodv surface. Tin* <»t h<*r, (»r indiljarrnl eh*(‘(,r<Klr, is l\(*pt af 
approximately zero fH.)te]itial by eonneeting e]tM*irodes, piaiasl respetdively 
on the right arm, left arm, and left leg, t*.> a. eentral terminal through a oOOd 
ohm resistance, ('rhe enrrents from the thre<^ iind).s iMMitrali/e one. another.) 
The inditferent electrode mnlerg{»es tio significant eliange during the cardiac 
cycle. WJien a iinifiolar Iea.d is used the elect roc'ardiogram ns'ords tin- 
potential ehang(‘s wltich afleet tlie exploring r‘!ectrode only. 

The following unipolar leads are iis(*d : they an* lahelh^d W followed by 
a letter or hy a letter and nuinlMH' deserilung the position of tlie exploring 
edectn)d»‘. 

I ' " 

i Name nf 

j t’nipolar of K\pl<ain,v Ktal 

' lead. 


VTl 
VL 
VF 
V(.^ 

V(^ 1 
\V '1 
VC a 

VC A 
VC .') 

VC U 
VC 7 

riie chest lead.-i \ C I 7 an* ^oniotiines « alle«l Y 1-7. 


. high I arm. 

. ! li<'ft arm. 

. i Ja-jt lc‘g (F " foot ). ; 

. ; Chest. 

i Si\ eliest pusif ions ai‘* <l*-s< rjhe(l : 

4th intereo.xtal spae«- to right nj'slerruim, 

4th infereoslal spafc to loll of sternum. 

.Midway helweet! Irl't strrnal hordei- and mid 
elavieul;ir lim* on line joifdng posit ions li and I. j 
oth iutf'reostal sparo in midrla\ i»Mdar line. i 

oth int.errust.a] spaet* in left anO-rior a.\illarv line. ; 
.7fh intrn.-o.-f al spaor in ]<■{> mida sillarv fine. 

. ' .“>lh inicn-o.stal .<])are in h’tt po'^la xili.iry line. j 


\ The wiring eni})loyed is ]>y (umvetition such tha.t wh<‘n the. (‘Xploring 
'cdeclrotle is negative relative to the central zero terminal tin* r(‘Cord is 
deflccsted downwards; wiuMi tlie exphudng eleetroile. is positive the record 
is deflected upwards. 

(1) UNfcOLAK Limb Lt:Ai>s.^ —Kach unipolar lr‘ad can Imj regarded as Ixdiig 
projected as a solid cone on to the; surface of tiie heart. The cardiac anui 
subtended by the cone and wdiich thus “ faces ” the electrode is called the 
proximal zone ; most of the rest of the heart, which “ faces away from the 
electrode, is called the distal zone. There is a narrow intermediate zone between 
* Nahum et u/., Arner. J. Phymol., 1948, 7)29, 540. 547 ; lii4, 309. 
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the above mentioned zones (rf. Fig. 142). Tliere is evidmice. that negativity 
I ill the proximal zone eanses a d(»wnward movement of th(‘ record. Changes 
in the intermediate zone have little eneer. The recaird, thenddre, moves up 
or down wheri^ m'gativity j»reflominates in the distal or proximal zone 
respectively. Jliis A'iew o1 tlie origin ol the unipolar h.'ad (‘l(*(drocfirdiogram 
is illustrated in Fig. IdS. W hen excitation begins in the proximal zone, 
tin* negativity there pmdnees a (h>\vnward detlection. As excitation spreads 
to involve the distal zom^ 1 h(‘ record b(‘giiis to move nj>wards again towards 
tln^ base line (/.c. the isoelectric, lin<‘). 

As recovery assoeiaie.d w ith {)ositivitv 
develops in tin* ))ro\imal zun<.‘ there 
is a, delleeti<»n upw'ards above th<‘ 
bas(j line.. As the. di.^t.il Z(.»n<‘ also 
re(a»v<*rs ami bectniie^ posili\«i tin* 
os-ord rel urns again t(» l.»a.se line. 11. 

■ is Ixdieved that ojdy eleri rit'al changrs 
at the fiericardial suiTaee. aOeci the 
iml i reel leads. 

Fig. M2 shows the appr<»\iniale 
distribution of t he proximal ami dislal 
zones in the human heart wlnm the 
unipolar limb leads \’R, \’!i, and \’F 
are eniploy(*d. 

(2) r.Meor.Au (hiiosT InoAO.s.* 

Fig. 143 shows tl){‘ position of tin* 
proximal zom‘ in man in tin* case of 
ea.eh of the six. unipolar chest leads. 

The proximal zone is much smaller 
tha,n ill tin; (‘ase of the limb leads 
and is roughly the j»ortion of tin* 
heart wdiieh lies under the explorirm 
electrode; there, is t)vej'lap of the 
proximal zone of one jiosition with 
tlnise on eitln*r sidi* of it. .A.s the 
|M>.sition of tin* exploring eloeinxle rreedt’s a wav lr<»ni tin.* ventricular siirlace 
(in chest, positions o, t‘>) t.lie proximal /one becomes large*!'. In all tin* chest 
positions of the exjdoriiig <‘lectrode the neutral int(‘nm*diate z<»m* too is 
larg<*.. Negativit y at the cliest electrode is reeurdetl as a. dowKward ([(‘flection.; 

2. Bipolar teads. - (1) f'LAs.sn.iAn .Llmu Lkaos. These are the leads 
which have l)(*<*n most (*xt<*nsi\'(*l v used in man ; a. vast aniount oi inturmatioii 
has cons<‘t|m*ntIy ac.’cnmulated correlating the electrical with the. clinical and 
post-inort(*n] lindings. Tln'sc h*ad.s were also us(*d in tin* (*a.rli(*r lundaimuital 
stmli(‘s of tin*, 'U'igin and spread of the cardiac im})ijls(* a.ml in the analysis of 
exj)(;rimental]y indm^od a,bnormaliti^^s of tin* hearts action. Tlie classical 
limb l<*ads an* ; 

la'ad I ; from right arm and left. arm. 

Lead II : from right arm and leCt. leg. 

Lead III : fnun left arm and left leg. 

^ .Nahmn and Ih.lL .I////T. J. Ph.yt;ioL, )‘J4S, LMn. 


tltCTRICAL 
KL CORD 



]'n;. l.*ts. Mod*’nj‘I'r<Mlm*tion ol‘Ihiijkol.ir 
head LliM't ri)cjirdin;j:ranL 

I>, [' •. •li-'l.il aihl /Hill > tii; UHisclf 

K : I'll rloMlr 4>1 iniiiiiilar li-ail. 

I, Ks'itation a:—«M‘iatfil uilli Mi'iiativity lit-uins hi 
l•rl^\lmaI /.mn': (l. lli'i lii)ii ilnwiiwanl,''. 

‘J Owiti:! t(» .‘;|<i«‘a<l nl’ * \«;ita(.ioM, also 

in ilhlal /(nif : rmird ri‘.tiirn> to 

lia'-- liin . 

M. Im ill |M‘o\iiiial zoin' : i|i‘IIi'r(ioii 

ii|.\varil.'. 

I. l.’.TuviTv r\li ii<ls to iTotal /oin‘ : rrconl 
ja’liino to iia".' liiii’. 
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By con volition, negativity at the cranial or at tin* right-hand electrode 
is recorded as an upward delloction. lici^rescntfitive records are sliown in 
Fig. J3‘h 

These limbs are still the most useful for the Tnajority of clinical purposes ; 
they are, however, diHicult to account for in terms ot current ilow in the heart. 
Each of the two ehR;trodos in the bipolar leads is allect(*d by the related 



Fio. 139.—Simultaneous Elcctrocanhograms in Normal Person. L<‘fuls 1, 11, 111 and 
Chest Lead ^ (Cli 4) (Cardi<»grapliie Department, Middlesex Hospital.) 

})r()ximal and distal zones. The deflection recorded thus rejui'simts the 
algebraic sum at any moment of the potentials at eacli lead. The classical 
limb curves can lx; derived from the unifiolar limb lead curves thus : 

Lead 1 Lead VL—L(‘ad Vll. 

Lead HI - Lead VF-Lead VJ..“ 

(2) Biroi.AR Chest Leads. —The ex])loriug electrode is jilaced on any 
one of the sev(?n chest positions called L- 7 ; the otlnir electrode is placed on 
‘ The load is from chest position 4 and the. right arm ; tlu' record cl«»sely resenililos the 
unipolar chest Ti«'a<l \'(H (Kig. 143). 

“ It can be shown that l^ead IL-Lead 1 | Lead ill. 
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l lic right arm ( --Tjoads CR 1 to 7), left arm (: - Loa(ls CL 1 to 7) or left le" 
(- Leads CF 1 to 7). 

Origin and Spread of the Cardiac Impulse TJie. cardiae impulse 
arises normally in the sino-auriciilar node, sfjniads over the wall of the 
auricles and thus readies the auriculo-venlricular node. It then passes 
down the bundh* of His, its brajjdi(‘s and terminal ramifications, exciting 
the septum, aj>ex and basi*. of the veiitih^les in that order. 'Phe evidence 
for tluise statements is as follows : 

Sino-Auiucui.ak Nodk.—( 1) The sino-aiiriciilar node or paa'inalrr, initiates 
the cardiac; imjMilse and thus indirectly sets ii]> the licart beat. This node 
beconuis electrically negative liefore anv other jiart of the auricle, proving 
that it is the first region to become activt*. 

(2) The P wave represents the invasion of tin* auricles by the cardiac 
impulse. Normally, in bipolar leads J, If, and Til, P is an u]>ward deflection. 
It can be readily shown that the direction of the deflections recorded by 
a fixed pair of electrodes is related to the diriHjtion of spread of the impulse. 
Thus in the musch; strij) illustrated in Fig. 140A, a stimulus applied at S 
causes the impulse to travel in the direction AB ; activity develops first at 
A, recorded conventionally as an upward dellection, and then at B, recorded 
as a downward deflection. If the stimulus is applied at S' the impulse travels 
in the direction BA ; activity develops first at B, giving an initial downward 
deflection, and tlum at A, giving a subsequent upward deflection. Similarly, 
the normal upward direction of the P wave in the bipolar limb leads is related 
to the normal patte.rn of spread of the impulse through the auricles. If the 
S.A. node is artificially stimulated during dia.stole, a new impulse is set up 
there which is associated with a normal P wave; hccrause the forced ” (i.a. 
artificially iiiduced) impulse is tra velling along the normal route. But if the 
impulse is set up from any otlier point on the aiirichts, the P wave is abnormal 
in charac.ter flattened or inv(*.rted—showing that an unusual ])ath has now 
IxMui taken by the excitation |:)rocess (Fig. IGG). 

When the miipolar leads are used, the direction of the P wave depends 
on w^hether the ])roxiinal or distal zone of the h^ad becorru's negative first. 
Thus in the unipolar riglit arm lend (VK) the P wave is normally a downward 
deflection proving that the first region in the auricle to be excited is in the 
proximal zone of this lead, pnvsumably in the right auricle. In the unipolar 
left leg lead (VF) the P wave is normally directed upwards, proving that the 
initial auricular activity is in the distal zone of this lead, presumably in the 
upper part of the (right) auricle (Fig. 112). 

(3) If the S.A. node is extirpated, the P wave in the bipolar limb leads 
disappears or becomes inverted (Fig. MOB), showing that a new site of 
impulse formation has been set up. It is worthy of note that the new 
pacemaker usually ])rovos to be the auriculo-ventricular node (cf. p. 28G). 

(4) Cooling the S.A. node within physiological Limits slows, and warming 
it quickens, the whole heart. Tliese eflects cannot be produced from any 
other part of the auricle. 

Spread in the Auricles. —Tlie impulse spreads out uniformly from the 
S.A. node over the walls of both auricles as a ri])ple spreads out over a pond 
into which a stone has b(»eii dropjMHl, or as fluid spreads when ])Oured on to 
a flat surface. It spreads through the auricular muscle to reayh the muscular 
sleeves surrounding the openings of the great veins, and the auriculo-ventricular 
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sriiKAi) IS VK\'JiM( Li:s 


ii()(](* which lies in ilic posterior |»;irt of tin* riuht. ;jiiri<'h'. No specie,1 (-(ni- 
iHM’tini! h.nxl exists hetween th<* S.A. .iinl A.\ . !io<h's. 

OF ills.- I'iXj»erihi(‘n1.‘i] evidtMW'e pio\^.s th;i! lh<‘ Iniiulle of ilis 
is the sole e()n]ie(*tin;j^ stnind l»et\ve(*ii tin* inirielcs .-iiid \<*iitrieles. il tie* 
ImiuJle ol ilis is cotnpressi'd, a proportion ot tie* Minienhir inijndses may 



J?’iG. UdA.—IClfecl of Direotioji ef >Spi«‘;ul of 
Jnijmlse in Hearl. .Mnwcle on Dirci'tion of 
Initial Klccl riral I lellrclion. 1 Ja-ads. 

S : (loiiit HliiMiilMltMl oil upix T .-trip. 

S'; point, sfiimjliitrtl mi lower atrip, 'flu itiiti.il 
(It’lFelioii i-s tipWiinl' in tin; tipper r.eor'l. i.a-l 
(lowtivvjinh ill til'' lower reinni. 


P R T 




i.l J, i J-J, ti \ I UJ-l i l.li, i 1,1 I LI 


p s 

LI-L.i L.i,Ll.l I 1,1,1 a i„i 1 1 i, I t ,L,l 1 l.i 


I"i(}. J 10 11 . —Two Elotitrocardiograms 

(cat) taken immediattdy before 
(u{>]>er record) and after (lower 
retrord) cruslting the regioji of the 
iS.A. Node (Lead 11). In the lower 
ligiire the rate is slower and the 
aiirieiihir wave I’ is inverted instead 
of upright, indictiting a clninge of 
pacenniUer. Tinu* in st'c. (ef. 
Kig.-^. Iti,'), 1 (>('•). (l.,e\\iK.) 


to re;i.ch the ventricles, lh(‘ rale of wliieh may, Idr insr.nnct*. heetjine oidy 
half Unit of the nriricle.s, Jf tier Imntlie is eoniph‘lely <livi<h‘d in auimals 
or d(?stroyed I)}' disease in nnin, the ntiricles nnd \vtitrieles are eomplettdy 
“ di.s.soc;iatedy’ and faint (piite. ind(*peiident ly one of the olluir : tin' nuricles 
then beat at their usual rate iuresjtonse to impulses venerated in tht* S..A. node, 
while tlie vt'ntricles la'.at much niun* slowly thirty to forty times ja*!* minute 
—in response to a Jievv rltylhm centre in th(*ir ow'n substance, probably 
situated in tlni f)arl of the bumlle btdow t he point of sticlioji (ef. p. and 
Fig. 11)2). 

Si’itEAi) i\ THK VEXTitrciLF.s. -TJie iuipidse s[>rea(]s down both Itranclies 
of the bundle of His to reach the right and left vciutricles separat(ily. Fig. 1.11 
illustrates tin*, time relations of the activation of the various })arts of the 
ventricles. The anterior septal region is excittal first, whence the iinpulsc*. 
spreads to the right anterior and riglit }a)sterior v<‘ntricle. The apex and 
left posterior ventricle are usually <^xeited later. Lastly t he base of the lieart is 
invaded. Note that corres[)ouding points in the rigid veidaicle are affected 
before those in the left vt‘ntricle. It take.s the im]ju]se (.)•()lo sc^c.ond to ]»ass 
from the bundle of His to the ajxix, ainl 0*04 se.c.<md to arrive at the endo¬ 
cardial surface of the base of the left ventricle. Tlie iinjudse is carried from 
apex to base by the Purkinje fibres ; injury to tlie endocardial surface of the 




INTIIHl’inNATION OF V \\A\K 


247 


lioarl/ bcnrjil h wliicli this ussu«‘ drlays tin* jirojm^alinii of t lit* iiiijuilsi*. 
From cjii’li )>oint oti ihc »‘inioc;iniimii, tko (.‘Acitation pnx.'css alfarts the 
(;orn‘s|M>ii(liiiij, ]»ai t nj i hr r|)i( ;n<lia] surface. 1'ln‘ last part of 1 hr [i(*art to 
h(‘(*oiiir rxnl«“«| IS 1 hr r pica ;■« I la I Mirla<‘«' (t\ 1 h<* hase, ol tlir vriitri('Jrs, after 
s(‘ron(l in 1 hr ra>c n|‘ | Iir ]'i<jlit 
base aii(i aftf‘i‘ <MMio sr( umi jor llir 
left l)asr. Jt nmst.. br imlcd tha! 1 hr 
of both \(‘iitrirlrs is invadcfl 
l)y the* (‘xeitation wave in well tthfler 
U-1 sf'roHil. 

Tin* figures <piotril above arr 
baseti on rc^sults which have bt‘rn 
obt.ailH‘(l ill the, dog by the elrrtriral 
metliod oT liming the arrival uf the 
imjailsr at various points on the 
veutrieles. EssentiaJiy similar j<‘- 
sults have l.ieen obtained by dioet 
(.>bsf‘r\’al ions on tlie ( jpascfl I/rini in 

If one branch of the bumlle is 
divided (say the rioiit branrh/, the. 
left vmitricle recaaves its impulse 
norma,lly, but tln^ impiiisr reaeh<‘s 
t.lui affected riglit venlrirle onlv 
afttU' some delay, br(‘ausr it. must 
spretnl across from tiir nornndiv stimulated 
ventricular muscle aini t lie i|rht bramdi of tin 
block (of. p. 



na 111.— llijigrain to illustrate the Time 
l{elalion«; oi the Spread oj the Kxf‘ita.- 
liiMi l*roe(‘ss in tlie N'entrirles <)f the 
hog. d’lu* tigiires represent time in 
.-e<‘oini^ ; /.ei‘o lime, -OnOO. n‘presents 
the arrival u.f the e\eilatioii proe('ss at 
the iMp nt th(* int(‘rv(‘rilrieiilar septum. 
( Lewis.) 


[•‘ft side u> reaich tlie riglit' 
!Mind It' below t-h(‘ sidt* of tlie 


liA’i i-; OK t"I'lov. rin‘ ral»‘ of etaidm.'lion in the anrieiilar wall is 

I metrt* ptu’ st'cond, in the A.W lu'd** u-2 metre j»er second, in the bundle ol' 

II is ami Pnrkin je li fires I meTn*s jier second, and in i.ht‘ ventricular wall 
l)-i. metre per second. 

Interpretation of Waves of Human Electrocardiogram. Aimn irnAu 
lAuMi’LKX (F Wavk). (I) Litf/h Leads 7, // and ill (Fig. L'lh).- The lirst 
ujiward dellectioii I? lias a rounded or ptiintetl .summit, and its duration i.s 
h-J seeoml. Jt represents the passage of the im])nls(‘ from the sino-auricular 
node, over tlie auricles ; tlie A.V. node is reached at about the sannnif of P. 
The magnitude (if the I’ w.ive is some guide to the fmietional a.ctivity of the 
a.iirieular mu.scle. In mitral stenosis tin* left auricle i.s hyp(‘rtro|>hied, and 
corre.sp(MidinglV i-iu' P \\a\ i* is prmniiienT, or bifurealt*. in aarietdar JibriUo- 
tii>n tile P wa.ve di.'>a|ip<‘.irs and is replaeeil hy a .stM’i(‘S ol ii.ne irrogiila.J' 
oseillatiions, correspoinliin.* t«» the rapitl iiavgular excitation ol the auricles 
(1^ig. T72). If the eardiae imjMil.se ari.ses in an idaaninal foeas and .s])r(aids in 
other than tin* usual direction, tin* P wa.ve is a.Iter(‘d or even inverted. 
Iiee.oming a. dovvn\var<i delieetion (Fig. ItJli). Tin? P wave may be ]U’ol(mged 
il tln^ spr(*a(l of tin* exeit-alion pi’oe(‘.ss is delayed as a re.sult of auricular 
di.seuse. 

(2) lUnpolar Le<als. The l\‘atures of the P wave, in these leads are sliown 
in Figs. 112 a.rul I \:\, It should be noted tliat P is normally inverted in LA‘.ad 
Vli ; in fast records P i.s seen to consist ol sciveral small deflections. 
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CoNDiuTioN Tlmk of Hunolk OK UIS (P-R Intkkval). Tlio time 
interval from the beginning of i* to the eoninieiieeni(int of Jt, i.e. the P R 
interval, is a guide to the eonduetion tLin<‘ of the bundl(‘ of liis. VVlien th(‘ 
(dassieal limb leads are used the true cotniucHoit iimti is tlu^ intiu val from the 
top of P (when the A,V. node is exeited) to tlie beginning of Q (when the 
invasion of the ventricles coninamees). It is easier, however, to measure the 
P-R interval (the Q w\‘ive is inconstant and of small size), and undoubtedly 
it is mainly taken up by the passage of the impulse along th(> hundle and its 
branches. The P -R interval in healtli varies between O R) and O lO second, 
the extnune limit of the normal being 0*2 s(‘Coml. When it exc(M*ds 0*2 
second there is delay(‘(l condu(‘tivity in the bundle of His. Wlum tlie, P -R 
interval is shorter than normal, the impulse has probably arisen in the A.\". 
node and has tluuefore excited the ventricl(‘s sooiuu* than is iu)rm{illy the 
case (cf. Fig. Ibo and p. 2Sf)). 

Vkntkjcutlar (Jomplkx (QR8T Waves).—F ollowing P there is a brief 
isoelectric period ; a suc.c(‘ssion of dellections then a])pears, namely ; (J(, a 
small (often inconspicuous) doAvnward one ; R, a f)rominent upward one ; 
and S, another downward one : the record then returns onc(‘ Tuort* to the 
base line. The duration of QR8 in man is about O-OS sec. ; the upper limit 
of the normal is 0-1 -0-12 sec. 'fhe final T wave is a broad upwardly directed 
deflection, with an avera,ge duration of 027 sec. Tin*, duration of QRST is 
thus about 0 4 sec. The upstroke R just coincides with t he onset, of \’entri(Uilar 
.systole ; the end of the T wav<‘. coineides approximately witii the end of 
ventricular systole or may outlast it slightly. 

Interpretation of QRST.- Because of tlH‘. com])lex way in which the 
(dectrical r(*cords are firoduced when bipolar leads are (‘mjiloyecl, this cjuestion 
must be considered principally with reference to unipolar leads. Fig. 1 P2 
sliows the jirobable distribution in man of the jiroximal ami distal zones of 
unijiolar limb leads Vdt, Vdu, and VF, and the corresj:)omling elcaitrocardio- 
grams ; the distrilmtion of these zones has been established with considerable 
accuracy in the dog. As thes(‘ zones and their related electrocardiograms are 
similar in dog and man, the results obtained in the dog are |)roba.bly a used’ul 
guid(‘ to the <*vents wJiicli occur in the human lieart. The proximal zone of 
each lead corresiKUids to that portion of tiie heart which is subtended when a. 
solid cone (whost^ walls an*, tangential to the. heart surface) is projectial on it 
from : (i) the central point in the right shoulder in iicad VR ; (ii) the centnil 
})oint in tin? left shoulder in Lead VL ; (iii) a point at the centre of the 
junction of the torso wdth th(* hd’t hind limb in Lead VF. 

In all leads QRS re]uesents the stage of invasion, tlu^ ST segment and tlie 
T wave the stage* of repoiarization. 

(1) Uxii’OLAR RieiiiT Arm Lead (VR).—fn the dog the [imxiinal zone of 
this lead is the anterior right ventricle ((ucept the. rhfht aptu), t he right lat(*ra], 
and the right [)()sterior ventricle, the upper two-thirds of the interveutricular 
septum and the basal paraseptaJ portion of the* antmior left ventricle. The* 
distribution is similar in man. 1'iie n‘st of the heart (excerpt for a narrow 
inte'rimaiiate zone) is the distal zone. The initial vemtricular deflee^ion in 
elog and man is a dowiistroke, Q, which re^presemts m*gativity starting in tlu^ 
pn»ximal zone. It is followed by an upstroke, R, repr(\seiiting development, 
of relatively greater negativity in the distal zone. There is then a short 
downstroke, S, representing momentary preponderance in proximal zone 




UNIPOLAR T.IMH LEADS (VIL VL, VI ) 


L>I1) 


iiojrativity; Uiia is followed l»y a ret urn to the hsise line (isoelectric line), 
representing balanced activity of pn^xinial and distal zone. QPS (in all 
leads) corretipoHils ut lime ami thirahon frith the pniffd of itfva.sifm of the 



Kio. 142.- A])]mixiina1e Distrilmtion of Proxirnal and Distal Zoik's of rnipolar 
Linil) Leads VJI, \’L and VF of Human Heart and eoiTespomling EJeetro- 
eardioj^rains. (JModitied aTid redrawn from I'sahntn ami (Mua’iiotl, in lMdt(»n s 
Textbook oj PhysloUMjifn . I>. Saunders (>>., HMD.) 

Vl{. unipolar rinliL arm leaii. \\. - iiiui>olar left arm Wuk\. VK unipolar I. ll Wii lead. 

vmfricles and is the resultant of the complex electrical int(U‘ieren(;e between the 
proximal and distal zones wliich occurs during the sj)read of the invasion ])rocess. 

The duration of the stage of possession at any point is unknown. The 
rest of the ventricular complex, /.c. the ST segment and T wave, is due 
predominantly to the complex pattern of rcpolarization. As lelative negativity 
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i;nip()lai{ ciikst leads 


in the proximal zone ])]•(»(liico.s a clowiistroke, relativ'e positivity in this region 
produces an upstroke ; t he reverse is the case with the distal zom*. In 
Lead VK, after a short isoei(‘ClTic* ])eriod, th<*re is a well-marked invertt^d 
(dowrnvard-direct:(‘d) T wave, indi(‘ating that re|)olarization is ]»roceeding 
more rapidly in the distal than in tlie ])roximal zone. Direct (‘Xperinnmt 
shows that the left apical regioi. (which lies in the distal zon(‘ of Ijcad \K) 
repolarizes first. 

(2) (JxiPOL.Aii In-FT Ak.m Lj'JAr) (YL). In the dog the proximal zone is 
the upper two-thirtls of the anterior surface of both right ajid left ventricles, 
and the basal portion of th(‘ posterior surface of both ventricles ; most of 
the rest of tlie heart is in the distal zone. The ventricular complex in l^eiid 
VIj is readily afVec.tcd by chang(‘s in the j)Osition of the heart. Wlnui the heart 
is vertical, \'L tteids to resemble VR : th(‘re is a short initial upstroke* R 
(negativity in distal zone) followed by a big <iownstroke S (negativity in 
proximal zojie) and a (piick upstrok<* to base line. The T wave is inverted. 
When the heart is in tin; nonnal semi-transvers(; |>osition, VL tends to 
resemble \’F ; tlnuc* is no wave and R is large and upright; the record 
then returns to the bas(‘ lim* : 'I‘ is upright. 

(3) Unii'OLAK JjIOFT Lfo Lkai» (V’F).—In the dog the proximal zone 
is the left apex, the major j)ortiou of the post(‘rior left ventricle, and 
the lower third of tin* ant.(‘rior left ventriede. There is an initial large 
u[»ward R wave (initial negativity in the distal zone), then a downstroke 
S (predominant negativity iti the proximal zom*) and return to base line. 
T is erect. 

T Wave. —The following general statements may be made about the 
T wave in any unif)olar lead : 

(i) A “ hat ” or absent T wave indicates an e(pial rate* of repolarization of 
tin* distal and proximal zones. 

(ii) An upright T wa,ve indicates that repolarization is relatively slow<?r 
in the distal than in thci proximal zone. 

(iii) A downward T wave indicates that rej»olarization is rela-tivelv slower 
in the ])roximal zom*. 

Deviations from the normal appearance* of the^ T wave in any lead indicate 
abnormalities in the pattern of tlie re polarization process. The T wave is 
readily modified by many conditions, cjf. anoxia, ischaunia, application of 
heat or cold to the* heart or by Iarg<* d(»ses of digitalis, for tlui rc'asons just 
stated. 

U Wave.- Nothing is known about the mode of y>roduction of the II 
wave, which is seen in certain leads (c.//. VF and some e)f the ehe.st/ l(*a.d.s). 
It occurs early in v(*ntricnlar fliaslolr. 

(4) Umpolak Li:a os.— Fig. M3 shows the proximal zones of tin* 

chest positions I fi and the erirrespcmding eh*et.rocardiogra.ms (VC 1-0). As 
the exjiloring electrode, is mova^d across the chest dilferent parts of the heart 
become respectively tin* pn)\imal, intcriiM*diatc, and distal zoin's with corres 
ponding changes in the cojiliguration of the v(*ntrieiilar complex. On moving 
from position I to 0 the electrical clianges in normal man arti as follows : 

(i) No Q wave is present until position 5 or 6 is reached. 

(ii) R increases in amplitude from position 1 to a peak at position 
4 or 5. 

(iii) The apex of R occurs progressively later from position 1 to 6. 
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(iv) The S is usually biggest 
in the right-hand ]>ositjoiis 
and declines or disappears in 
position b. 

(v) The S'P seinnenl. (i.r. 
frotn the end oi‘ S to tlir lir 
ginning of T) is a])pro\iinMt(*ly 
isoel<‘etrie in jiositions 1 am) ft, 
hut is displae<‘<l a hov<* t he hjis** 
line in the <»ther p()siti<ais. 

(vi) T is inverte<l in posi¬ 
tion ], is uyvright in t lie (itlier 
positions and is usually narxi 
jnal i]i position 

(vii) I' a])])eaTS in some 
leads, usually in positions 2 
and o. 

The delleetions are to he 
inter])ret(*.d in t(*,rms of zonal 
inttuTerence of depolari/alioii 
and re]»olari/ation as in the 
case of the uni])olar limh leads. 

(h) (h.AssK’AL Li MU Lkaos. 

.'^rhe eliang(‘.s in the QltST 

deflection that occur in patient s 
have h(‘(*n carefully correlated 
with the clinico-])athologieal 
lindings in many dis('as(‘ states 
and an* discussed on pp. 251 
rt saj. and 283 cl siq, 1'he 
empirical intcrjnvtation is of 
great value; a t lieoret it^a I 
analysis of the curves is dilli 
cult foi the reasons alr(‘ady 
given (p. 211). 

Electrocardiographic 
Changes in Myocardiii I 

Lesions. .^Lesions of the 

ventricular mvo(‘ardium may 
l)e produced exj)erimentally 
(i) by a local ajiplication of a 
()-2M KCl solution which 
d(*polariz(^s tlie surface mem¬ 
brane of the affected muscle 



iihres; (ii) hy tying various 
blood V(\ssels to produce 

[latches of isclneinia and conset|ueut. death of the aih*eted an*as. ( linically, 
localized cardiac isclneinia inav re.-ailt from the (U'clusioii of coronary vessels 
l)y throiul)us or the oecurn*net^ of coronary sj>asm. 1 hese iny<»eardial lesions 
give rise to distinctive electrocardiograjdiic pattcMiis. fin* initial deflect ions 
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of the vontnViiIar complex (re]>resejitin^ the f^tage of invasion) may be 
com 2 )aratively unalt(‘re(l, but the laler phases of tln^ com])lex ate imirkodly 
changed. In Fi^. 115, (a), J^ead 1, following the peak of R, tlu^ downstroke S 
s(‘ts in. Nonnally, S descends to the base line or below ; in this case, however, 
after a ])artial descent the record is continued for about ()*2 s(»c. as an a])proxi- 
mately hori/ontal line (indicated by the arrow) which runs well altove tin; 
normal base line. This abnormality is called upirard ileriaUon oj' the aST 
segment. The record finally descends to the base line, and is followed in this 
instance by a small inverted T wave. In Lead MI, tin*, initial detle(*tions 
R and S are normal ; but, after th(^ end of the ilownstroke S, the record does 
not ra])idly return (as it shoiihl) to tlie l)as(* line. Tln.'re is a partial ascamt, 
after which the record continues for ()‘2 sec. as a horizontal line (indicated 
by the arrow) well helaw the bas(^ line : this abnormality is called (hnimwan/ 
deviation of the ST segment. Tin* record finally rises to the bas(‘ line. 

The mode of production of these changes is not fully understood, but the 
following explanation is usually offered. \\Tn‘n a. n?gion of the Inairt is 
damaged, the affected area g(*nerat(\s an injttrg pote}itial (Fig. 144) as is 
t he case witli nerve fibres. As a r(‘sult, tin* base line* of tln^ (*lectrocardiograni 
during diastole is deflect<‘d away from its nornnil isoeh‘.ctri(‘ position. II* 
unipolar leads are employ(Hl, the direction of the d(*lle('tion is dotrnwards 
when the injured ar(*a is in the proximal zone of* t he lead ; the direction of 
the (l(dlection is upwards when the iujun*d area, is in tin* distal zone of the, 
lead. The magnitude of the dellection is related to the extent of the injured 
area. .During the heart beat following the injury, the stage of invasion 
(“ depolarization ”) is accompanied by aj)|)roximately normal el(‘ctricaj (lefh*c- 
tions. During the stag(? of jiossession, however, the injury j)Ot.entiaI is sup¬ 
posed to b(* ternpiwarilg suppressed. After tlie jx^ak of R or S, tin* record 
eonseijuent.ly returns to. and stags for a short time at, the pre-injury isoeleetrie 
level. The way in which this remarkable change is brought about has not 
be(*n clearly ex[)lained. During the phase of recovery (“ rep(»larization ' ), 
the injury potential n*appears; lln* r(‘c.ord returns to tin* initial injury lev<*l. 
The so-caII(*d deviation of t he ST segment which this rc(*(ird displays is thus 
attributed to the transient disaf>f)earanee of tin* injury potential. The 
latter part of the ventricular comjdex may bt^ further modificMl for the fol¬ 
lowing reason : as the. injured area does not undergo repolarization the 
pattern of repoiarization in the ventricl(\s as a whole is alUned with resulting 
changes in the ST segment and the T wavt*. 

Fig. 144 illustrat(\s diagranimatically tlie changes produ(;ed liy damage to 
the v(*ntricular wall. In Fig. 144, Lead 1, the injury is [in'sumed to be situated 
in the jnoximal zone of tin* recording leads. 'I'ln* normal base line (iV) is 
deviated downwards by the injury jiotential to the abnormal jiosition 1. 
During the stage of possession, the r(»cord temporarily r(*turns to tin? normal 
Iiase line ISl, jmiducing the so-called upward ST deviation. In Fig. 144, 
Lead M J, tin* injured area is presumed to be situated in tin*, distal zone of the 
recording leads. The normal base line N is tieviated upwards by tin* injury 
potential. During tin* stage of j)Ossession, tin* record temporarily desceruls 
to tin? normal level N, |uodu(;ing the so-called df>w']iw^ard ST deviation. 
Jn Fig. 144, lowest r(*cord, similar changes to those shown diagrammatically 
in Lead J, wen* juoduced ex])erinn*iita.liy by applying a KCI solution to tlm 
surface of the cat's v(‘ntricle, producing a transient local injury. In such 
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an expcrumnit, if tlic j.ost-injury r.>(tor.l alone; were available, tlu; eliaiifres 
eould lianlly bill to be nijsinterim‘l.e,(J. Tbe abnormal base line I would be 
reprded a« tlie norma jsoelwitrie. level. The transient disannearanee of the 
injury jiotcntial would be reKarded (as it had been in the earlier elinieal studies) 
as a. deviation of the ST sej-nieiit. Jn elinieal le.sions of the heart, the ree.ord 
can hardly I'Ver show the moment of develo|inient of ( he iniiiry’. I(. seems 



Im<L J44.—Diagram to illiistrali.* flic Kllccts on Klccfittcardiograiii ui .IiocalizciI Injnrv 
to Ventricular U’all. 

^ l>iis(“ liiK', i,e. true istH'Icctrir It’vcl. 'I'iin*' in o-l sf*c. 

I : Sliift of Lasr line imiilm-fd Ly itijiii v |)Otrnli.-il si-t ii|) Ly !la.inas:fii nri'.i. 

If/i/u'r Jivnin/: L».a.tlJ. Ii.iikI ; Conti'ol. .KIl'IiI ii.'ini| ; followiim li sinn in [troximiil/orn-nf/.(■('onliii'!: 

loads. Rase line di flicDvi dtttvnuards. 

MithUt' Hvi'ord : Lt-ad 111, l.di, lutnd : (’oiitr«)l. Riuld hand : lollovviim Itsioii in disi.d /our ol rrconlinK' 
h-ad.-,. Jiasc liin* <h*lli t-lt’d nfiwards. 

hourr Urriml ; Li'Jt iiaiul ; diaiirani ti> show that injury caiisi-s onrrmt flow IVoni normal lo injiin tl an-a. 
Riijlit hand : nrorvl showiiiL' tdli-rt of apiilyiin; a K(’l solution to siirtiicc ol'••;M s vcnlrh lf. 'I’lif 
hast- line is dcllcclrd downward.s (li-sion in proximal zoni- of rocordim; li atl;. Thi.s ncord {motlilicdi 
is Iroio an l■>:p(■ri^m■nl hy W. F. l’Joy«l and S, Salarna. 


j’(‘}i,s()nal)]o to suggest tlisit the changes ()hserv(*d clinically in the. ST segnient 
and T wave should be intin preted in the manner iiidicatiMl aljovo. 

The injury potential which produces the so-called ST deviation, and any 
rtipolarization changes that may develop, can only be rtH’orded if tlu;y occur 
in the proximal or distal zone of tin* leads enijiloycd. Sliould they occur in 
the neutral intenru'diatt! zone, tiicy do not alfect the ret-ording tdcctrodes. 
(llinical cardiac ItLsioJis generally affect tiic classical limb leads ; but should 
the lesion be in tlie neutral zom.‘. for these leads it woiiM not be detectable. 
In a minority of cases the characteristic changes are only observed in chest 
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CLINIC AL ISCILKMIC PATTKHNS 


l(‘a(ls oT- imi|M)lar Jiml* It'iids. A fareiul siinly of many l(‘aHs also onablos tlio 
position of t in* Irsion to lx* lo«*aliz(*(l with consiilrrablo acciirac-y on the basis 


R R R 



14.'). I JinjLnani illasl cat iiiLj (he (’liaii.ir<*N in tlu* V'cril ricular ('oriiplexos iti Ix*.'k1s I arxl 
HI. iifO'c Cuioiiary 'riicornlHj.'j.is anV/cljiii^ Aiil»*ri*»r Siirfacv nf \'cnfricirs. (Parkinson 
and IkMlfonl, JInni, IdL’S, //.) 

((/» Kit vat<tl ST in l.c.-al .1 ami (l«-|*n“'St <1 iit Ia-;ul III. (7/) T vvavt-s l»('ct)inin« t‘\iilt-at; 

u-| ST t!iv.|»lafcm(>ni 'I'li** T \va\t' linally |Miiiitv; in tht* apiuKilc dirt'rtiun tti tht‘ oriniiial 

S'1‘ (li-|»lac(‘iii<‘nt in (‘acli l»;nl. 


of th(‘ ext <*nsi\ e e(trn‘lat ions 



Fiij. 140. — lOIcftrocfirdio^rjon 
takrn Pour Days aft or tlu- 
l)evolo])in(‘nt <4 Coronarv 
Thrombosis nftoclinj: An- 
torioi-Snrfatto «)!' \\*ntrides. 

Jn Loiil I till! S’l srmnt‘nt(inarki:(l Itv 
arrow) i' I'li'Yattra almvi* the isf»- 
electrie line ; in Lead III the ST 
Heguiout (marketl by arrow) is 
depres9(!(i below the isoeleet.rie 
line. 


tlial liMA o b<*<Mi osta bisli(‘<l bnlwoon tin* distijictivi* 
h*atun*s oi* tin; rcoonls and tin* [lost-niortem 
findiii.irs. 

HlIMOAL LsCHjEMIC I'.XTTKRNS. Win'll lllC 
left fiHfnior <i(Lscendino (‘oronary artery is 
occludtMl cliiiifally witli resulting iselneniia 
(infaretion) of the anterior surface of the 
ventricle, curves likt* those shown in Figs. 
112 and 145 are obt;iined. Soon after the 
develofuiient. of tin*, lesion tliere is upward 
dirviation of the ST segment in Lead I and 
downward d(*.viation of tin* ST .segment in 
Lead Ill ; the. T wave may disapjujar. As 
Ins-iling occurs the injury potential is reduced 
ill magnitude and the ST deviation becomes 
correspondingly smaller. Abnormalities of r<!- 
j)olarization persist, as shown by abnormalities 
of the T wave, c,(j. inversion in Lead 1 (Fig. 
lib {())). After a week tin*. S wave may return 
to the isoelectric line indicating that the injury 
potential is no longer ])roduced. The T wave 
{i.e. repolarization) abnormalities persist; in 
Fig. 145 (c) the T wave is inverted in Lead I, 
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wliile in both Leads T and ITT tin* T \vav<‘ in tlie e])posit.e direetioii 

to orij^iiial ST deviation. (In some elitjical anterior eaniiac infarets tJiere 
is no ST deviation in Lead I but tliere. is an upward deviation in liCad HI.) 

If tlie j)<>slrnnr tleseendifijj^ eoronary beeomes «n‘eludod eiiiiicaliv, tin* 
ciuiuji^es found are. tin*. opj)osite of those shown in Ki.u;. I lo ; in Lead 1 the ST 
ib‘viation is directed downwards and in Jaaid III uj»wards. 


I 


n 


ni 


i'lO. 147. Klccli\H;;ii»Jin<:r:un in and l.flt .\.\i.s 1 )t“\ iation. 

A. jixif' <l«.'vialion On a winuaii uilU milral .si'I'ln- 'I' u;i\i- 

iiiViTl(?(l in .‘ill lt"nls of i n'ai«iih 

15. Norniiil riM-.ord. 

C. I.< n a\i.s <j( \ ia.ti<Mi (in a winnan aui i! illi Ji> pi rU nsidii ; n. p. 2 ITt hum. 
s>'.stolic, I4.i itim. diaslolir ; ••nlar^' «l l«-il vrniricli-. 

Iln:n'r A,\i> Lkft Axis 1 )KViA'rn>.\, Clinically one frciju<*ntly obtains 
curves charactiM’ize.tl by a tall II wave in laanl I ami a bii; S wa ve in L 5 *a.d ML 
These are called examples td' deviation of the main electrical axis of tljc 
heart to the left, or brieJly Irff aj'is dcvtaiUnt. (Fi”. 117 , C). (\inversely a. big 
S in Lead 1 and a big .11 in Lead IJT is i;aTled /o/Zd (ucis denialiim. Sncii 
axis deviation is Jioted witli mechanical displaeeimmt of the heart or with 
tJui movements of the heart which oeeur with the phas<*s of respiration, 
llypertrojihy of the Irfl renlrkii', sueli as oeenrs as a result of ehronie arterial 
liypertenaion or aortic ineompetema*, is assoeia.l 5 a] with left- axis d<‘viation 
(Tfig. T 47 , ('^). Conversely JjypeTtrojihy of tin* ^'kjhi rchlricir, cjj. from 
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onipliysi'Dia of iIm* hiii^ or mitral istoiiosis, is associated with right axis 
deviation (Fig. M7, A). The wliole QKS c-oinj)h‘x ni.‘»y he prolonged because 
tlie greater thiel\in*ss of tlic aileeted ventricle may modify the rate of 
(levelopnnmt of the excitation ])rocess. 

Thes(‘ changt^s can ))e accounted for by reference to tlie f)rineiplc.s set out 
on ]). 2 IS. A (lis|>1aeennmt of tlie whole heart or a change in the relation of 
hTt to right ventrich* alters the jiositioii of the proximal and distal zoruis of 
certain l(‘ads. The defl(H*tions in Lea-d \\j vviien the h(*art is in tin*, erect 
position an^ dilierent from those with the heart in the semi-transverse jiositiori 
(p. 2 . 00 ). It will also be recalled that: 

Lead 1—Lead VIj—L ead VR, 
and Lead HJ-Lead VF~Lead VL. 

(1iaract(;ristic changes would then hv expected to occur in Ja‘ads 1 and 111 ; 
su(di is actually the case. 

The electrocardiogra[)hic tindings in disorders of the cardiac rhythm are 
consiilered on p|». 282 et seq. 


PKKSSIIUK CHANGES IN 


THE HEART AND 1HA)01) VESSELS* 


Methods Employed.—In the most accurati' work, optical methods art* 
employed. In animal exptu'iments a glass tulxi idled with anticoagulant fluid 
is introduced directly into the chamber of the heart to be examined. The 
external end of the tube is closed by a tense rubber membrane uj)on which a 
small mirror is fixed. Pressure changes in the cavity products ostdllatioris of 
the mirror which reflticts a beam of liglit on to a moving |>]K)togra[>liic plate. 
The prtissnre changes in the right auricle and the right veutri.rle have bticn 
recorded iu man by replacing the glass tube by a rubber tub(* wliich is intro¬ 
duced into an antecubital vein and passed along the vtuious system to enter the 
right auricle, or pushed further into the right ventricle (Cournand’s metln^d, 
cf. p}). 2fi(), 270). indirect information about the right auricular pressure 
cliaiiges in man can be obtained from the jugular venous 'pulse tracing 
(p.2.Tj). 

The volume ehangirs in the heart during tin* |>liast*.s of the cardiac cycle 
under varying coJiditioiis can be determined by m(*-ans of a eartliomeler: this 
is a glass vess(*l r<’.sembling a tliistie funnel which is placed over the ventricles 
and is fitted round the auriculo-ventricular groov(‘. It is conm^cted with a 
])iston recorder wiiich writes on a moving smoked surfae-c;. 

Pressure Changes in the Ventricles.—(1) Isotnetric Contraction Phase .— 
At the onset of ventricular systole, the pressures in the auricles and ventricles 
are approximately the same ; the auriculo-ventricular valves are floating into 
apposition. As the ventricular muscle contracts, the ventricular pressure 
rises steejily ; the A.V. valves are shut, and bulge slightly in a dome-shaped 
manner into the cavity of the auricles, causing a sudden rise of intra-auricular 
pressure. No blood can yet leave the ventricle, because the intraventricular 
pressure is still lower tlian the intra-aortic ; tlie tension in the ventricle is 
rising, but no shortening of the muscle occurs yet. This isometric corUraction 

^ VViggers, Vressum VuUes in the Cardiomscular System, London, 1928. 

2 A.N*. - auricuJo-ventricular. 
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ph(i,se lasts 0 05 siicond. Its (iumtiori is constant under difToniiit cvirculatorv 
conditions and is not ailectcd by alterations in the heart rate (see Fig. 148). 

(2) Maximum hjection Phase .—When the intraventricular j)ressure rises 
higher it exceeds the intra-aortic, and the semilunar valves open. Rapid 



1 IS.- Diaj^nun el i’rcssun', N’nlninc, hikI Klcclrieal riiaui^t's in Mi-arl. and lilood 
\ nsscis durinji tin- (lardian (ModifirtJ IVniii .l..('wis and W'i^pjnrs.) 

^ «>1. \ f»limic nirvc nf Icfl. vi'iitridc : Jim. Jimiilar xMioii'. piilsi*; .\ur. Iiiha-aiirii ulai' prf'ssiin* : 

N i iit. Intrjixrntririil.ir prcssiip'; Klrct. : Aorta- Irifni-riorlic prcssiir*'trariiiu ; 

Car. and Kad. Carotid and nniial piil.sc : S.O., S.C. Opmlim Jnid < losiim of'srmilini.-ir valxcs ; 
A.V.O. Op(‘Tdn«i|or anririilo-vrntricular valves. 'I’he dura1io]i oflhe eyele is n-,s secoiid, eon c.siMnidin^' 
to a lieart rate «)1' per minute. 

ejec^tion of blood occurs, and the volume curve shows that the ventricle is 
rapidly diminishing in size. As the ventricular muscle shortens, the base of 
the heart descends and pulls down the auriculo-ventricular ring ; the cavity 
of the auricle is therefore enlarged, causing an abrupt fall of pressure within it. 
The ventricle and aorta now form one continuous chamber. Tlie aortic 
pressure thence passively follows the intraventricular, but at a slightly 
9 
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lower level. In this phase of rnaxinium ejection the pressures ifi the ventricle 
and aorta rise to their summit. 

(3) Reduced Ejection Phase, —The systolic discharge now lessens and little 
further change in the volume of the vtmtriirle occurs. All parts of the ventricle 
do not contract for the same length of time ; during tlic latter [)art of systole 
some ])ortions of tlui ventricles cease to contract, aiul as fewer “ units an? 
functioning the pn?ssufe in the ventricles begins to decliiie slowly. During t his 
period more blood is escaping from the aorta (into the nnne distal V(‘.s:sels and 
ultimately into the capillaries) than is reaching it from the heart. 

The ejection phase is variable in length, and is chiefly responsible for 
the variations in the duration of systole. It In.sls n-2 O-db second. 1’he 
total duration of systole is best estimated in man by accurately timing tlu? 
interval between the onset of the first and second sound. Wlie.n tin* fiulse rate 
is over 100 per minute, systole lasts less rijan s4‘cond ; b(‘t\Ne(‘n SO liM), 
about 0*25 second; ()5--SU, about (e2S 0-3 s(‘cond ; muler r»r>. lnng(‘r than 
0-3 second. 

(4) Ventricular diastole now sets in, and lln? intraventricular pressure 
drops very sharply. A backward liow towards the heart occurs in the aorta, 
and is halted by the closure of the semilunar valves. The pressure witliin 
the ventricle continues to fall steeply as the muscle relaxes, but through¬ 
out this period {isoynetric relaxation 'phase) the ventricle is a cios(?d chamber, 
and there is no alteration in the length of the muscle fibres. 

(5) The auricular pressure w’hich has been rising throughout the greater 
part of ventricular systole now exceeds the intraventriiailar. The A. V. valves 
open because of the difference of pressure between the two chambers, and 
rapid inflow of blood into the ventricle occurs. It is very important to note 
that during early diastole a large percentage of the total ventricular filling 
— i,e, about 60%—takes place in this way ; a gcxid »l(?al of blood can 
thus enter the ventricles in the absence of any effective auricular contract ion as in 
auricular Jilrrillation (p. 203). As the auricular and ventricular pr(?ssiires 
become equal, little, furtlier inflow- iido tin* vmlrich* (x;cuis. When the 
diastolic pause is a long one, very little additional incrcaso ifi vt?ntriciilar 
volume takes place (phase of diastasis). 

(6) Auricular systole now sets in, and the contents of the auric^le are driven 
into the ventricle. On an average, auricular systole only contributes of 
the total ventricular output. The exact proportion is dep(*ndt*nt on : 

(i) Time in diastole at which auricular systole occurs. 

(ii) Vigour of auricular systole. 

(iii) Completeness with which the ventricle is already filled. 

If the auricle contracts after a short diastole it may contribute a consider¬ 
able amount of blood, up to 60% of the ventricular output. If it contracts at 
the end of a long diastole, the ventricle may already l)e so full tliat the auricle 
can contribute relatively little. Auricular systole lasts about 0-1 second. 

Pressure Changes in the Auricles, —The pressure changes in the 
auricles may be briefly summarized (Fig. I IS, Aur.): 

(1) TheJ'irs^ positive wave is due to auricular systole. All the fibres of ihe 
auricle do not contract simultaneously—“ fractionate contraction ” occurs ; 
the fi}>res nearest to the S.A. node contract first, and so the intra-anriciilar 
pressure begins to rise. At the height of the wave most of the auricular 
fibres are in action. Late in auricular systole relaxation has begun in 
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most of the fibres ; only a few are still contracting, and so the pressure 
falls. 

(2) The second positive wave is due to the bulging of the A.V. valves 
which occurs at the onset of ventricular systole (p. 2r>()). 

(3) A sudden fall of pressure then occurs. This is due to : 

(i) The negative intrapleural pressure, which pulls on the relaxed auricle 
and enlarges its cavity. 

(ii) The ventricular muscle shortens, pulls down the A.V. ring (p. 237), 
and also helps to enlarge the cavity of the auricle, so that the pressure within 
it falls. 

(4) The pressure rises (third positivii wave) as blood accumulates in the 
auricle while it is still sliut off from the ventricles by the closed A.V. valves. 
This \v;iv(*. continues beyond 
the end of ventricular systole 
to the end of the isometric 
relaxation phase. When the 
ventricular muscle relaxes, the 
A.V. ring moves up again. 

The cavity of the auricle is 
thus made smaller, and this 
helps further to raise the 
pressure within it. 3’he A.V. 
valves now open, the auricle 
empties itself into the vent¬ 
ricle. and the prcLSsure falls 
rapidly. 

The beliaviour of the auricle 
during the cardiac cycle may 
be compared with tliat of a TIME IN 1/5 SECONDS 

concertina. During ventricular Kkj. 141». .’Simultaneous Normal Vonous, Jladial, 
sv’stoh*. its (‘iivitv^ is enlarged arul Klrotrocaiiliographic? Curvcrf. (Lewis.) 

by the negative i)rcssure in ihjL.v in trjuisMu.Hsi(>u uifoukIj Uh- uii- nr tin! mbUT tuuiuji 

^ _ j 1 I UispL-n-rs tlic- nwli.'il riM-nnls to tlif rl^iht Jiv 

the thorax and the downward ;iiu*rn\iiu.it. iy «H):i oi a .<Lron(i. 
movement of tJie A.V. ring; 

with the onset of diastole it is compressed by the ascent of the A.V. ring. 

Jugular Pressure Tracing. A good idea of the pressure changes in 
the rii/ht anrirle. in man can lie olitained by recording the. pressure changes 
in the jugular vein. The right vein is employed, because it is in a direct 
line with the siifierior vcjia c.ava and right auricle. A .small metal cup is 
placed over the vein and connected with a sensitive Marey’s tambour. By 
means of Mackenzie’s polygraph, simultaneous jugular and radial tracings can 
be obtained (Fig. Hi)). 

The jugular tracing s}iow\s three positive waves, called a, c, v, 
respectively. 

a Wave. -3’he a wave is due to auricular systole. As the pressure in the 
auricle rises it becomes more difficult for the jugular vein to emjity itself, so 
that th(i pres.sure within it is increased. As already mentioned, there is a 
vn nf. Hn.Bim|ftx.„inuscje which surrounds the ormnirur nf veins. 
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diiriiig auricular systole. Tbe pressure witliin tlieni rises because of stasis 
of the blood stream, })roduciiig the a wave. 

c Wave ,—The c wave is due to the Q]]set of veiitriciilar systo le causing 
bulging of the A.W valves into th(‘ auricle and raising the pressure there. 

a-c interva l, i.e, the interval between the beginning of tht^ a and c waves 
resp(‘etively, is a <:iiide to the c onduction tiTiie__of the bun dle of Ris. More 
eX'Llctly it tbe mlorviil ].i>t,WPPii t.lui f>ns.d, of ii.iiri.».iilnr iLmlT^nt.rip.nli.^ 
systole . If the a ~c interval exceeds 0-2 s(*cond, delayed conductivity of the 


lundlc of IJis is prcstuit (Fig. Jr»l, p. 283). 

V IFatv—Like tluj third positive wave in the auricle, the v wjiv(‘ is due to (i) 
the filling of the auricle while the A.V. valves are shut, and (ii) the upward 
. .movement of the A.V. ring which occurs at the end of ventricular systole. 
I The summit pf tlie n wave marks approximately the end of ventricu lar systole^ 
~ Tlie negative waves are labelled x, a;\ ami y, ancTare caused in the same 
way as the depressions in the auricular pressure tracing. 

The events in the jugular vein naturally occur slightly later than the corre¬ 
sponding events in the auricle. The onset of the c wave precedes the primary 
wave in the radial artery by 0* 1 second; the top of the v wave precedes the 
dicrotic notch by a similar interval (see Fig. 14b). 

The pressure changes in the jugular vein are of importance in giving 
information about the himian heart that could otherwise only be obtained 
electrocardiographically.v'The u wav^> is an indication of auricular systole. 
It is absent in auricular fibrillation and flujile r. when the normal co-ordinated 
auricular contraction is lost. ?Vii auricular premature contraction is assooiat(*d 
with an early a way ? (Fig. UW») ; a ventricular extrasystole may coincide in 
time with tile normal auricular contraction and is therefore not preceded by 
an a wave (Fig. 107). The a c interval is an index of conductivity in the 
bundle of Ris. It is prolonged in bundh* lesions (.-^apm) ; it is less than 
normal wlien the imj)uls(j arises in the A.\'. nod(‘.. 

Human Right Ventricular Pressure Curves.’ -Th<'se curves n'scmble 
in their general outlines tlios(* (»btained exp(*.riiiienta,lly in animals (Fig. 150). 
Tlie j)ressur(i during diastole is about atnipsplierie^ ^ mm. und it rises 
to 20-25 inin. Ilg at t lie heigUiAtt is some lluctuatiou in the 

pressure with the phases of n'spiration. When tluire is o bstructi on jn the. 
j.)ulnjonarv circuit f^ he resistance to the flow of blood through the lungs is 
increased and as a result the right ventricle must contract more vigorously; 
right ventricular pressure coiisequeutiy rises 8uch changes occur in pulmonary 
fibrosis and in the later stages of congestive heart failure (cf. j). 4G0). When 
the right ven tri cle beg ins to f ail^ it. d oes not empty itself (‘ornple telv during 
svstoj e aii<l couseouentTv ventrieular ilin sfolic pn^ssiire Hsl^ s ; in one cas(‘, 
studied (Fig. 150), right ventricular pressure was alamt 20 min. Hg during 
diastole and 80 100 rnm. JJg at the height of systole ; when clinical improve¬ 
ment set in the curvijs became more normal. 

Aortic Pressure Changes. —(J) The semilunar valves open 0*05 second 
after the onset of ventricular systole. Blood now passes from tlie ventricle 
into the aorta, and the aortic |>ressure rises smoothly to a maximum. During 
the latter part of systole the pressure in the aorta falls slightly : the ventricle 
is now in its reduced ejection phase, is contracting less forcibly and is expelling 
relatively little blood. The inflow into the aorta from the heart is now less 
^ Coumand el al., Proc. Soc. exp. Biol, Med., 1044, 5J, 34, 
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than the escape from the aorta and arteries into the capillary bed. It is 
possible that through the sino-aortic nerves the peripheral resistance is 
reUexly diminished towards tlie end of systole, aiding the outflow of blood 
from the arterial system (Fig. 148). 

(2) When ventricular diastole seta in, the pressure in the ventricle drops 
sharply. This causes a backward flow in the aorta together with a similar 
drop in aortic pressure termed the indsura. The fall of aortic ])n‘s.sur(‘. is 
halted by the closure of the semilunar vfilves, which causes a slight rebound 
of the column of blood and is responsible for small after-vibrations. Another 
factor to be considered is that the aorta, which has been stretched during 
systole, now recoils. Some of the blood contained within it is driven back 
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J‘'jo. I,i0,— Right Vonlricular Prossurc Curves in Man, ((Nnn nand cl ah, 
/Vur. Sor. ejrp. Jh'oL Mc(L, ltM4. l\\.) 

Upper Ixcrord : Normal. Oii<* rospirator.N cyrh* is shown. 

Ltm'er JUrord : Case ul' coimr.stivc hrart laUuiv ; mitral stmosis, aortic incom- 
lu't.i'iic.c, auricular tiiirillation. Noli* rais»‘«l iliastolii- pi-cssiin' (associalcil with 
iiKM'cascd riiflit auricular and pcri|ilicral venous jin’ssiii'c). Marked clcvalitui 
of ri;ilit ventricular systolic nrcssurc. Cardiac output sulmormal ; total hlood 
volunu' twiiar normal; .systemic Noli- respir.•lt(^ry variations 

associated with dyspinca. 'J'iine in ti'2 sec. 


townnls tli(^ lu'.art {ind helps to (*l(ts(‘ tln^ valv(‘s, wliih*. sttme is drivtm on 
towards the ptu’iiihery and helps to set ii]) a, st'cond positivt' wavt* in tin* 
artcu'ial system at the beginning of diustoh*. 

The aortic pressure slowly falls throughout the rest of diastole as the leak 
through the arterioles into the capillaries continues. 

Arterial Pulse. —'Phe blood wdiich is siiddtmly thrtnvn into the aorta 
during systole is accommodated j)artly by moving the entire arterial column 
on at greater vehxMty, and partly by stretching the arterial w^all. This 
increase of jyressurc and this arterial distension are transmitted from one 
segment of an artery to the ii(?xt. in the form of a wave -the jrafse tran '— 
which is indepe]id(*nt of the velocity of tin* blood il()w\ T/ic rate of the hlood 
flow rY/r/c.s’ inversehf as the total cross-section of the vascular hed in, an if part: 
it is 0-8 !•() metre p(‘r second in the aorta and in its larger Iminches, consi<h*r- 
ably less in the arterioh's and only about 0*5 1*0 nnUiniefre per second in 
the capillaries, it inereases steadily iii the v<uns the near(*r one gets to the 
heart, owing to the decrease ni their total cross-section. The velucily of the. 
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pulse ivave is considerably more rapid than that of the blood. Tin? av(*rfige 
pulse wave velocity in metres j)er second at different ages is : age 5, 5*2 ; 
age 20, 6-2 ; age 40, 7-2 ; age 70, 8*3, with a range of I nietn' above or below 
these figures ; ?.r. the velocity increases as age increasf's.^ 

These results enable ns to determine the (‘llect of age on tin* elastieily 
of arteries. ]>y elasiicifu of an art(‘ry is jneant. the jurrmfuffc ivcrrasc in 
the volume of the arferif irifh each mm. //// inrrvusv in hloinl pirssurr. ll is 
related to tin* velocity of the ]nilse wa ve t hus : 


Klasticity-- 


(vehnaty of pnlsi*. wa\ (‘) 


From these figures the elasiicily at dilferern ages can b(‘ calculated : age b, 
0*‘^I7 ; age 20, 0-33 ; age 10, 0*24 : ag(^ 7th 0-IS ; llu*re is thus a notuhiv 
decrease in eJasticIfi/ as r///c advances. This means tliat with the saim* cardiac 
output the hlood pressure is raised durina spshde more in older people than in 
youmjer as less fiiiid can be accommodat(‘d by distension of \ he arterial systeni. 

Radial Pulse. — Two waves are present —the primary wave and the 
dicrotic (Fig. 110). In the radial art(‘rv the uj^stroke (K*curs O-I second 

later than that in the carotid. The t(»ps of th(‘ waves are roiirnh'd and tlndr 
anifditude is smaller. The end of systole is a|>pro.\imately imiicated by 
a roujided dicrotic dij) or notch. The primary wavr' (or jau’cnission wave) in 
the radial first rises ami then falls towards the <*nd of systoh^ (as does tin* 
corresponding wave in the large arteries). The initial rise {e.\pansion of tin* 
artery) is due to tin* fact; that l)loo<l is }»u!nj)**d by the heart into the blood 
vessels more rapidly than it escap(‘s into tin* (ai|>illarics ; the iaier fall is due 
to the reduced ejection phase t»f the V(‘ntricle (h*livering less l.)lood than is 
passing out through tin; art(.*rioles (which may lx* rt*ll(*xly relaxed). WInm 
the dicrotic tiotch is thus present on the downstroki*. tin* pulse is called 
catacrotic in character.*'* The dicrotic wave which follows th<‘ jn)t(di repn^sents 
a modificati(m of the vibrations set up by the closuri* of tin* aortic. va.lves and 
the rebound of the blood from th(.*s(* curtains. (See also Figs. Hi I et sctp) 

The details of the pulse form can only be studied in ojitieully rcicorded 
tracings (e.g. as in Fig. MD). For most clini(;al })urposes records taken 
with Dudgeoris sphygmograph suffice. 

A large primary wave may be due to (i) large outjait : (ii) slow heart 
rate ; (iii) low peripheral resistance. A small primary wave, is due to (i) 
small output ; (ii) high peripheral resistance from increased arterial tone or 
(iii) impaired elasticity of the vessels. 

It can be showji in a circulatorv model that the descending limb of the 
pulse curve falls more stee])ly if the. diastolic pressure is low, t he arterial irall 
thick, or aortic regurgitation is present. Similarly, after injection of nitrites, 
stimulation of tlie aortic ru'rve to producf^ relaxation of th(' aiterioh's, and 
in aortic disea-se in man (p. 21)8), a rapid downstrolo* is obs(*i ved. 

Circulation Time. By this is meant the time. takcTt for the blood to 
travel from one point in the circulation to another. It is thus a me.asurc of 
the average linear vcJocitg of the blood flow which is directly related, to the 


' IJiMfuwoll, Hill, Hiid .MacSM'iiiex, llfnrt, Kt, 

“ OcrnsiuiuiIIy a break t>r ia»t( lj neciir.s on tlu^ a.srmt, vvliicli i.s n i iiii'd llic unurrotir 
noteh. hs .signifieanee is not yet eW*arlv iJinl<Ts1ood. It ol)serve(i when the aorta. Is 
compressed, in aortii^ stenosis and in arU-rioselenisis. 



C’llUMLATlON TIME 


203 


cardiac oatpnf. Thus Ji vise or fall in the e.ardiac outynit tends to produce a 
decniiise and increase respcictively in the circulation time. The time can also 
be aiffcted by local chanties in the vascular la^l, c.//. in the svsteinic veins or 
luntrs. The principhi of the methods ern])h)yed is to inject some substance 
int(j a .systemic v«'in (niih'ss otherwise stat/x] an ante-cubital vein is used) and 
to determine, the titne of its arrival at some })oint in tin? systemic arterial 
systcmi or in tJie liiii<;s. 

The substances comnionly used are : 

(1) Dccholin (Na salt of dehydrocholic acid).—5 c.c. of a 2% solution 
are injected rapidly into an ante-cubital vein. When the dru^ reaches the 
mouth and pharynx it f'ives rise to an intensely bitter taste and smell. The 
“ arm to tonj^ue ” circulation time is the interval which elapses between the 
be^innin*; of the injection to the lirst recognition of the bitter taste. The 
taste per.si.'^ts for Jb 2n secmjds. 

(2) SodifUH. C>famded - O'l mg. of NaOxV per kg. body-weight is injected 
intravenoiisly. On naiching the carotid body (and tlie aortic body) the 
ohejnorecoptors are slimuhit(‘d and send up excitatory impulses to the 
respiratory eentre. The end point consists of dilatatioi) of the ahe nasi 
I'oiltONawl by a de('p inspiraTnry gasp and lO rapid bn^iths. This gives tli(‘ 

arm to carotid bifiuratiun ' time. 

(,‘l) Mat}avaltua ^^aJphatcr b c.c. of a 10^solution of MgSO^ are injected 
intravenou.sly. On naiching tlie titroat there is a sudden start combined with 
art intense, f(M‘liiig of Ji(‘at in the pharynx : th(‘ heat is ])r()gn‘ssively felt in 
the face, liand.^, and linally in the feet.. Th(‘. .sensation ])a.sses off in 10-20 
seconds. This method gives the arm to liaiid “ and arm to foot. ” time. 

(4) Elhcrr '—5 minims of eth(?r (in an equal volume of saline.) are injected 
intravenously. When the ether reaches the resf>iratory i)a.s,sages it produces 
a gasp, cough, aful a grimace*, and ether can be smelt in tlie breath. This 
method gives the arm to lung time. 

The Jiornial range of circulation time (under ba.sal conditions) by the 
above m(*tho(ls in man is : 

.Deeholin, 14 10 seconds. Magnesium Sulphate, (V-lb seconds. 

Sodium (yaiiicle, 12 dd s(*conds. Kth(*r, ‘5 0 seconds. 

(ha.MoAL Vacuk ok (’uu'rLATiox Timic Dktekminatio.x.—(1) Metabolic 
liair. -There is a signilicant corndation Ixitween the bfisal metabolie rate 
(li.M.R.) and the circulation time ; subjects with the highest B.M.R. have the 
shortest cireulatioii time. Thus eases of hyperthyroidism with a raised 
J.^.M.R. have a circulation time (deeholin) which is below normal limits, e,g, 
0-1 11-8 second.s. When the R..\r.R. is lowered by administering iodine or 
by partial thyroidectomy the circulation time rises. Thus one case of Graves’ 
disease with a B.M.R. of i 20 liad a circulation time of 12*2 seconds ; following 
thyroidectomy the ]^.M.R. fell to 28 and the circulation time rose to 
20 seconds. 

(2) l)cconip(‘n>fafrd Heart Disease. .The circulation time is usually un¬ 

changed in compen.sat(‘d heart vlise,ase. Jt tends to Ixi prolonged as decoin- 

^ Stead and Kunkel, Amer. J. med. Sci,, J939, 98, 49. Smith and Allen, Proc. Staff 
Mayo Clin., 1941, 76, 53. 

® Bernstein and Simpkins, Atnsr. Heart J., 1939, 17, 218. 

® Baer and Tsard, Amer, J. med. Sci., 1940, 200, 209. 
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pciisation (]tna'l()j)s (thou^li it tiuiy I)C normal cvni in advancod cases ol 
decompensation). A single delennination is of limited vaim*, hut repeated 
observations in t.lie same individual may be a useful sfuide to the course^ ol llie 
case. Fi^^. Ibl shows the ranjre of einuilathm time and the avera^u* values in 
dilferent gradr-s of deconijamsation. A normal eth(‘r time argues against tin* 
])rese.nce of right heart failure : if the ethm* tim(‘ is normal and (say) the 
(h^clioliu time is prolonged. lh(‘re is [>robably slowed circulation in the lungs 
(indicative usually of pubiionary congestion). 

(3) State of Peripheral T mr/.<f.--Variatioiis in the circulation in the 
systemic veins due to local conditions may afhict the circulation time. 

(i) With tlu! hand (of the arm 
used for tin; intravenous injection) 
placed in water at 27*^ the NaUN 

arm to carotid ” time was 47 
seconds ; when |)laced in water at 
40® C. the time was 27 seconds 
The difference is due to slowed 
circulation in the arm veins j>roduc(Ml 
by local cold in the former case and 
the (|uickened circulation f)roduced 
by local heat in the latter case and 
is no guid(‘ to tin* state of the cardiac 
output. 

(ii) The ‘‘foot to carotid” time 
is much long(^r than the “ arm to 
carotid ” time (38*7 seconds against 
20-1 seconds in observations on about 
80 subjects). This difference is a 
measure of the extra time taken ])y 
the V(*nous blood from the foot to 
return to the h(^ar^. The “ foot to 
carotid” time is shortened by; (a) 
elevation of tin; legs (gravity pjo- 
moting th(‘ vimous return) ; (/>) sym- 
] )a t h ec-to rn y (a rt er i ol a r d i 1 a ta t i oi \ 
speeding up the limb blood flow) ; 
(c) a short bout of leg movements 

in the suj)ine juisition (because of the resulting local vasodilatations and 
compression of tlui v<dns) ; (d) alterations in skin tem|)eniture. Following 
abdojninal operations the foot to carotid ” time*, is progressively prolonged 
and may reach a Tnaximurn of otf'h above the ])re-oj)erative. level after 
5 10 days. (The “arm to (parotid ” tinie is little altcn*d.) This considerable 
slowing down of tin* circulation in tin* legs occurs about the time when the 
incidence of ]>ost-oj)erative thromhosis in the hig veins is maximal (cf. p. 149). 

Movements of the Heart. —The heart is enclosed within the peri¬ 
cardium, which is fixed above to the great vessels and below to the central 
tendon of the diaphragm. The fibres of the heart are arranged in a complex 
spiral manner. 

(1) During systole, all the diameters of the heart are decreased and the 
position of the organ alters. The base and auriculo-ventricular ring descend. 



Kio. 151.—Alagiifsiuin SnlpJiatc CUrailatioii 
Time* in dillciviit grades ol' (’ongestivu 
lleart Faihirf*. (jiern.ste'iu and Sim- 
kins, Ainer. Hi. 1059, //, 22:J.) 

A. ; .|J, OyspiHffi (Mi ; 

<Iy.s|iim*;i mikI l yMno.'.is; I>. dy>jnin’a, 

cyaiicHi^, and piiliiioiiary ; K. as 

ill I), and (‘Oimc.stioii (if tlir liver; i'. as in I-;, 
and (laltMiia or asidtos. 

Jdairk i’(iluniii : raii^f; ot'ir-sults in cacti I'roup. 
White har : mean ol’L^h^s^‘^■vation■^ in cai-ti irnnip. 
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the apex of the heart is rotated anteriorly and to the right. It is thus brought 
into closer aj)position with the chest wall, and this impact mainly accounts 
for the ojwx beat, which is the shock felt in tlie fifth h*ft intercostal spac(‘ 
3o incln^s from tin* middle line. 

(2) The entire heart mov<*s downwards during inspiration, and the apex 
is rotated clockwise. The shadow of the heart, as seen during X ray examina¬ 
tion, lengthens and laa'onnvs narrower. 

(3) The j)ositio]i of the heart alt(‘rs with that of the body. The heart is 
displaced to the left and ])ressed 

more firmly against the chest wall ^ 

when th(^ subject lies in the left ^ jl C 

lattiral position. Anything which A A i 

pushes the iliaphragm U[) c.//. fA 11 1 

assuming the sitting or the prone / Wl y ^ |\ 

position, or llatulejice, causes the L ^ I 4 All 

heart to lie more horizontally. * I A \ ^ 

Heart Sounds.^ —The sounds • * \ ^/\ ^ I 

are usually heard clinically with j lA t 1 

the aid of a stethoscope; for , ^ i IW 

pur]>oses of r(*,fined study they i ' ' If 

may be recorded by applying a * | ! » i 

iui(;r<)f)hone to the (di(?st and I i • » 

connecting it through a suitably I • J J 1 [ 

arranged circuit to an oscillo- ' . i • . i 

graph. Th(' interpretation of *1 ^ | [ j'j • 

these records is facilitated by ii 'aM ^ ‘3 

a simultaneously taken jugular I |!j|| j||| »||j Ij.-’j li. i 

pressure tracing and electro- !||^ 

cardiogram. The classical first 

a.nd second heart sounds can be P^ln' 

heard (“asily and regularly. The ! f || ||j F 

so-called third and auricular ySsec. ^ ^ ^ ^ 

sounds are only heard with great 

dilliculty ; in most Jiormal sub- nu'] !'our Xin-m.il HcmH SnuiuJs. 

j.H-ts they (cannot h.! (l.-t.-ctwl hv London, 193».) 

routine «lU.SClllt<ltOiy Iiu.t lo< S. f^om above downwards; jugular venoua pres- 

1 hev an*,, liowever, regular sure traciuj?; heart 80Uiid»; time lo i second. In 

tho licaft Bouiid fecord, 1, 2, 3 represent the first, 
T(,.lbUn,S 01 SCnMl.l\(, graptlK. second, and third sounds {iml A, the auricular sound. 

records (Fig. 152). 

First Souxo.—'P he lirst souml is ])rolonged and low ])itclied. It coincides 
with the s])ike of the U wave of the electrocardiogram and just ])rec(‘dcs 
the onset of the c wav(^ of f lic, v<*nous tracing, its duration is (M-OvIT second 
(Fig. 153). It is undoubtedly dm* to rnifriralar sijshtir ; it sets in with the 
commencement of ventrienlar eontraetion luit ('iids IxTore systole is over. 
Several meehaiiieal factors are responsi])le for the lirst sound : (i) eojitraction 
of the ventrienlar muscle ; (ii) sudden closure and tension of the aiiriculo- 
ventriciilar valves ; (iii) vibration of the structures in the mediastinum and 
chest wall produe(‘d by tin* movement of the heart and its im])aet against 

^ Orias and Braun-Menen<li*z, Thv. Ihiari Soinntii, London, Itappaport ami 

Sprague*, .1 »?<'?•. Heart J ItHJ, 'JI, 2r>7. 


Kh}, laJ.—The] loan' Normal Hearl Sounds. 
(Orias and Braiin-Mcnendez, Ttie Heart 
Sounds, London, 19311.) 

Records from above downwards: juRuInr venous pres¬ 
sure traeiiii ^; heart sounds ; time In i second. In 
the heart sound record, 1, 2, 3 represent the first, 
second, ami third sounds and A, the auricular sound. 
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the chest. Frequently the first sound consists of two distinct groups of 
vibrations corresf)onding to {n) tiie isometric contraction phas(‘, and (b) the 
ejection f)hase. The presence of the latter grouf) suggests that vibrations 
set up by the niov^Miient of the. blood are also a contributory factor. Most of 
tlie vil)rat.ions lia\'(‘ a fr(‘qu(*ncy of 20 45 ]»er s<‘cond. T1 h‘ iHtatsitif of tlu^ 
first sound is not related to the cardiac output but to tin* tension developed 
during the isometric contraction phase. 

SkcoxM) Sound. —This is of higher pitch, abrupt and clear, and is b(\st 
heard at the base, of tln^ heart. It occMirs j>re(*isely at the onset of diastole 
and is due i,o closure of the semilunar valves in the aorta and fuihnonary 
artery. Its inOMisitv varies with the blood pressure i?) the great vess(ds at 
the onset of diastole. Th(‘ duration of the second isoimd is 0*1 ()•! 1 second ; 



Fh;. Sitniiltanrdus Klcctroranho^rani ami Heart Suiiml Curve'Ir-din a .Normal Man. 

Tlir liiriUf •.htivV'i tlif t.inif ri‘l;itioii< rif th«* (*l•■«•|^H•!lr^liov^r;^||| to tin of fho Ist -Jml hfarl 

'•oiiml'. (otlirr hi jii't ."oiiii'C jin- in«t.'i)io\\n>. on Ui«- vertical line are siinultaneon.''. (l.ewLs.) 

it is comjtosetl of 3 or I principal vibrations with a frcupiemry of 50 |mu* second, 
ft corresponds to the noteli whitdi is constantly presimt on the upstroke of 
the V w’iwe in jugular tracings in optical reconls (Fig. 152) ; it may precede 
(Fig. 148), coincide with (Fig. 153), or follow tlie end of the T wave. 

Third Sound. —Sonu* fortunate ol»serv(‘rs claim to lu'ar this sound by 
auscultation in a considerable poqtortion of normal subjects (c.t/. 60%). Its 
duration is about 0-1 second : it (coincides with the last j)ortion of the d(*scend- 
ing limb of the r wave, i.e. with the end of tin*, phase of rapid lillirig of the 
ventricles which takes place when the aurhuilo-ventricular valves open 
early in dia..stole. It is due to this inrush of the blood into the ventricles 
setting up a. .seri(?s of vibrations (Fig. 152). 

.Auricular (Fourth) Sound. -This is graj)hicaily recordcsl as a cornple.x 
group of vibrations commencing with the ris(^ of the a wav(‘ of the venous 
puLse. It is rarely heard on auscultation in normal peoplt*,. 

The auricular sound is w^ell recorded graphically in (;ases of complete 
heart block (Fig. 151). The sound then follows regularly on eacli P w^ave. 
(wdiicli represents auricular excitation) and shows ujj clearly when 
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S(»[)arat(Hl liy n, inturval from tliu sounds ivsultint; from vcMitriimlar 

iiutivityd 

(Jakiuac IMuitMiJits.—Those ar«‘ ^onorally |M'oduo('(l wlion lh(‘. hlood Hows 
through a narrowt^l uriheo from one 
wider channel into unolher. Tin? murmur 
may he : 

(i) Sf/stoHa: ej/. when hloo(i («) leaks 

hack during ventricular systole from the 
ventricle into the auricle h(;cause of 
incomjietence of the auricido-ventricular 
valves (Fig. 17.‘i) ; (h) flows during 

systole from tin*, ventricle througli a 
narrowed aortic or pulmonary opening 
into the corres])onding artm-y ; (c) ilows 
during systole from the l<;ft into the 
right ventricle through a jiatent inter¬ 
ventricular S(‘.J) tuiii. 

(ii) DiaMoHc: e.fj. when the blood 
(a) leaks hack from the aorta into the 
left ventricle during diastole because 
of incomjietenei*. of the aortic valves 
(Fig. 17-1), or {b) leaks jiassively in cases 
of mitral stenosis from the overlilled left 
auri(;l(j into the left ventricle during 
diastole of the h<*a.rt ht'cause of the high 
iiitra-aiiricailar pressure (j>. 258). 

(iii) /VcA 7 /.sVo//r {i.e. coinciding with 
auricular systole) : this murmur occurs 
characteristically wlnm the left auricle 
during systole is driving its contents 
through a narrowed mitral orifice (mitral 
stenosis) into the left ventricle (p. 2H7). 

(iv) Sysialic- and Diasfolic: c.y. when 

cardiac cycle from the a,orta into the ])ulmoiiary artery through a jiatent 
ductus arteriosus (p. 333). 

^ Keduplication, of Heart Sounds. —By hmIu plication of a sounrl is usually meant 
splitting of its roni])onent vibrations into two groups. 

(1) Of first sound. —(a) This may occur physiologically as an exaggeration of the 
separation normally existent between the two constituent groujis of vilirations; (fc) in 
bundle branch block when there is partial dissociation and asynchrony of the contraction 
of the two ventricles (very rarely). 

True reduplication may be due to an audible auricular sound as when the auricle is 
hypertrophied or the I*- R interval is unduly prolonged. 

(2) Of second sound .—-Splitting may be due to the asynchronous closure of the aortic 
and pnlmonary valves {e.g. in branch bundle block). 

True reduplication may be due to a louder third sound ; if mitral stenosis is 
present it may be caused by a sound produced wherj the diseased valves are opened 
by the How of blood into the ventricle in early diastole (“ opening snap ” of mitral 
valves). 

The term “ triple heart rhythm ” {gall-op rhythm) dcscM’ibcs tin; cadcMU'C jiroduccd when 
three loud sounds recur in successive cardiac cycles. Tf may 0 (!cui‘ in healthy young 
subjects with a loud third sound. For its significance in disease see Evans, Brit. Heart •/., 
1943, 5, 205. 



Fkj. Io'J. Meart Simnds in (Vunpiett* 
ffeart Block. (Orias and Braiin- 
Menendez, 2'he Heart Sounds, Lon¬ 
don, 1030.) 

Records funu above downwards are ; jiifrular 
venous pulse, hearl souiul.s, and olectro- 
curdioRram. Note that each P wave is 
followed by an auricular Round (A) and 
by an “ a ’’ wave in the jugular juilse. 
'I’he ventricular coinplox (ntainly an S 
wave) is billowed by the first and second 
heart sounds (1, 2). 

the blood flows throughout the 
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REGULATION OF THE HEART RATE ' 

Nkuvk Supply of the JIeakt (ct‘. pp. 712). 

1. The Vagus.—Tiie couuector fibres arise in the dorsal nucleus of the 
vagus and run in the vagus trunk to end in nerve ceils in the sino-auncular 
and auriculo-ventricular nodes. The right vagus chieily supplies tlie S.A. 
node, and the left vagus ends mainly in the A.V. node. From the nerve cells 
present in the two nodes, a second relay of fibres arises to supply the auricles, 
the bundle of His, and the base of the ventricles. The apex of the ventricles 
receives no vagal fibres. 

The vagus exerts a continuous restraining action on the rate of the heart 
{tonic inhibitory action). This is proved by the acceleration which follows 
section of these nerves in most animals, or “ paralysis ” of the nerve endings 
by atropine in man. The degree of vagal activity, or vayal tone (oayal 
restraint) as it is called, is the chief factor controlling tin* rate of the human 
heart at rest. 

Stimulation of the peripheral end of the cut vayiis jiroduces the f(»llowing 
effects which prove that the nerve can de[>ress every part of the canliac 
mechanism (Fig. 155). 

(i) S.A, Node. —The rate at which impulses are elaborated here is dimin¬ 
ished, and so the whole heart is slowed (right vagus). 

(ii) Auricle, —There is considerable diminution in the force of contraction 
of both auricles. The duration of systole is greatly shortened, and so the 
refractory period is correspondingly diminished. 

(iii) Bundle of His. —Condu(*tivity is impaired to a varying extemt. First 
the P~R interval of tlui electrocardiogram is prolongcul ; then occasional 
impulses from the auricles fail to be transmitted through the bundle, and a 
2 : 1 or other regular relationship between the auricular and ventricular rat(‘s 
is established. Conductivity may be entirely abolished, and auricles and 
ventricles thus become completely dissociated. As already noted, the ventricles 
are so “ accustomed ” to being driven from the auricles that, should their 
functional connections with those chambers be suddenly destroyed, they 
remain quiescent for a brief period and do not beat at all. In this way the 
vagus may produce temporary ventricular silence. The vcmtricles as a rule 
soon resume beating at their own slower independent rate ; this “ idio¬ 
ventricular rhythm ’’ is outside nervous control altogether. Block of one or 
other branch of the bundle of His may be produced, with characteristic 
alterations of the eh;ctrocardiographic record (p. 285). 

(iv) Ventricle. —There is diminution in the force of contraction of the 
ventricles ; the rate is usually markedly decreased, and the rhythm may be 
disturbed. 

The vagus thus—(a) slows the whole heart; (/3) produces varying degrees 
of heart block, or arrests the ventricles altogether; (y) diminishes the force 
of contraction of the chambers of the heart; (3) the duration of systole (and 
therefore of the refractory period) is shortened. 

(v) Effect on the Blood Pressure. —As the heart is slowed and its force 
lessened, the output of the heart is greatly reduced, and the blood pressure 
falls rapidly (Fig. 155). Within a few seconds of commencing vagal stimula- 

^ Boas and Goldschmidt, The Heart Rate, Springfield, 111., 1932. 
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tion th(^ blood pn\ssur(^ may sink almost to zoro, and it remains low. The 
blood accumulates on the venous side of the circulation—the right auricle 
and great veins—and the vtuious pressure rises. The arterial iiow into 
the organs is greatly reduced because of the fall in cardiac output, but (for 
a short period of stimulation) the venous outflow from the organs is less 



Kio. lef). Ett’eets of PeriplieraJ X^a^a] Stinnilalion t>ii Art(*rial lilooil IVc.ssure, 
tJuguJar and J^)rtul Wnous I*rc8surc‘s. 

Kxpfnriiftil. oti (’al. ArtiTinl 11.1’, in inin. ll^r; jiiffiilnr Jirnl jiortal vi'iions |in*ssnrc in nn. H.^O. 

( Kxcnrsion.s on Ycni>ns trariniis aro «lin‘ lo n‘.s|»irjiti«ni.) 
irroat fiill of artorial lilood iirrs.*<nrf ami inark«‘<l sio\vin«j of Jn*ai*t : ris«* of jniiniar venous 
pressure ; iail of portal venon.s pressure. 

.After It) seconds of Ntinmlation the arterial pri’sstire ami heart rale hejiin to rise (r»n/)/.s- ewa/a*). 
(l-'roiii an exp«‘riiiieiit hy Dr. I. Calina.) 

affected ; the volume of the organs is therefore diminished. | If the heart is 
depressed for a long period, venous engorgement will work back to the 
periphery, causing swelling of the organs ; this accounts for the enlarged 
congested viscera of chronic so-called congestive heart failure as seen 
clinically.] On ceasing to stimulate the vagus nerve, the blood ])ressiire 
mounts rapidly and may exceed the initial pressure ^ before finally returning 
to normal. 

' 'ri’ie a ft or-list- is <lu<- partly 1«» asphyxia 1 stiiiiulation «»f tlu': va snand or (M>nt re inereasiiig 
artonoJar toiu*, and tlio rcsiiiM[)tioM of vigorous activity bx' the distended heart. 
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(vi) “ Yagm Sometimes, although vagal stimulation is con¬ 

tinued, the heart begins to <]uicken, and the blood pressure rises. Several 
factors are possibly at work : 

(a) The onset ot* vagus escape is often associated with high pressure in the 
great veins entering the right auricle (Fig. 155). This stimulates afferent 
libres whicli pass uj) the (intact) vagus to the cardiac cuuitre rcHexly to 
accelerate the heart (auricular reHe.v, j). 272). Tin’s rellex competes with the 
effects of the artilicial stinuilation of the other (cut ) vagus and may overcome 
it, causing the heart t(^ increase in rated 

(b) The lowered arterial blood j)res8ure tends to accelerate the heart 
rellexly via the sino-aortic nerves (p. 272). 

(c) In some cases complete heart block is produced, and the ventricles 
assume their independent rate, which is in no way affected by the vagus 
nerve. 

Atropine annuls tlie effects of peripheral vagal stimulation on the heart 
(cf. p. 720). 

2. The Sympathetic. —Anatomical details are given on j). 70‘.i. The 
sympathetic exerts an iniimportant toinc acceh'rator action on the human 
h(‘art. Iblatoral <‘Xcision of the stellate ganglia in man (wliich cuts off most 
of the sympathetic sup|.)ly of the heart) has little eff(‘ct on its rate at n'St. 
Stimulation of the symi)athetic Jierves increases tlu‘ rate ki\n\ force of (?ontrac- 
tiori, i.e. it accelelerates and augments the lu^art beat ; it also enhances the 
excitability and irritability of the myocardium and may give ris<‘ to ectopic 
heats (extrasgstoles) (cf. ]>. 2S0). 

Regulation of the Heart Rate.- —There is believed to be a cardiac 
centre in the floor of the fourth ventricle in the region of the va^is nucleus. 
It is described as consisting of two (somewhat hypothetical) portions : 

(1) Cardio-inhihiiory cimtre, which pr<‘suinably is j)art of. or clos(dy 
related to. tiic dorsal iiuchms of the vagus. 

(2) Cardio-aecclerator centre, in the same region, which has counections 
with the thoracic cord and so controls the sympathetic supply of the heart. 

The rate of the heart is controlled mainly by vart/my the degree of vagus tone 
(i.e. vagal iidiibitory activity). Unless a specific statement is made to the 
contrar}', all the ndlex and elHunujal adjustments of heart rate to be described 
are due prineipalfg to changes in vagus tone and only to a. minor degree to 
modifientinns of sgmjxiihetie aetiritg. If the vagus in man is completely 
blocked ” by atropine, the heart may accelerate to about 150 per minute. 
The further (piickening which takes place in violent exercise—to about 
180 per minute—is probably due to additional active stimulation by the 
sympathetic. 

Vfigiis tone is minimal in infants in whom the heart rate may range round 
120. V;igus tone increases with advancing age. In the adult the average 
heart rate is around 70 per minute, but it may be as low as 40 or 50 or reach 
80 or 90. 

As explained on p. 714, vagal tone is rejlexly produced by afferent impulses 
in the sino-aortic nerves. Bilateral section of these nerves completely 

^ McDowall, J. Physiol., 1926, 67. 131. 

* It is very diflleiilt (and undesirablo) to consider the control of the heart rate without 
at the same time discussing the regulation of the blood pressure. It is advisable to read 
pp. 309 ti seq. in conjunction with this section. 
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abolishes vagal tone and produces the same degree of cardiac acceleration 
as bilateral vagotomy. 

The rate of the heart is affected by— 

1. Impulses from the higher centres. 

2. Respiration. 

3. Reflexes (1) from the aortic arch and carotid sinus and tlie carotid 

and aortic bodies. 

(2) from the great veins ('‘ auricular ” reflex). 

(3) from other parts. 

4. O 2 and CO 2 content of blood. 

5. Body temperature. 

6. Intracranial pressure- 

7. Adrenaline, thyroxine and vasopressin (f)itr(‘ssin). 

8. Muscular exercise. 

1. Higher Centres. —Emotion may readily affect the pulse rate: in 

states of excitement, the heart usually quickens ; sudden shocks may slow or 
even arrest tlie heart. The common form of fainting attack provoked by 
emotion or long standing is partly due to vagal overaction ; nervous 
women, convalescents, and j>ati(*nts with aortic ineonipetence an* f)ai'ticularly 
liable to l)e affeetf^d. The attack is ushen‘d in bv unst.(*adii)ess, giddiness, 
and difnness of vision ; tin* heart's ac'tion gradually becomes slowin', and the 
pulse rate may fall to of) or If ). At tin* height of the attack, pallor aiid sw<'a.t- 
ing may be prominent symptoms. Tin* systolii; blood ))ressure Jiiay sink to 
bO mm. Hg, owing to depressknt of the rnsfunotor ventre : the entire 

syndrome is sorni'times called a raso-ragaf at tack.^ 

The ijilluence of the cerebral cortex and hg'pothalanrus on heart rate is 
referred to on pp. fi7l, 7 lb. 

2. Respiration. “ In most adults, during quiet breathing, the heart rate 
does not alter. During voluntary deep breathing, all normal peoj)le show 
quickening of the heart with insf)iration, and slowing with expiration. This 
respiratory variation occurs in many healtliy childr(*n with quiet breathing. 
The res])iratory v^ariatioii in the heart rate is referred to as st/i'tts arrhfthmni. 
It has no pathological import whatever.- 

Sinus arrhythmia is due to alterations in vagus tone which take j)lace 
with each phase of the breathing ; it is abolished by atropine or vagal section. 
It has been attributed (i) to afT(*rent impulses from the liingf<, (ii) to variations 
in pressure on the venous side of the heart, or (iii) to some central inHucncii. 
If the isolated liead, connected with the trunk by means of the vagi only, is 
artificially perfused, it is found tliai the arrliytiiinia of the h(*art does not 
follow the rate of the aitifieial respiration which is applied to tlie trunk, l)ut 
corresponds to the discharge rate of the respiraforg centre as determined by 
recording the movements of the ahe nasi (Fig. Ibfi) ; this correlation becomes 
even more evident when the rcsfiiratory jiiovenumts in the liead are stimulated. 
The arrhythmia persists after denervation of tlie lungs and is independent 

' Profound slowing of the heart occurs in association with the faint produced by a 
severe hromorrhage (cf. p. 84). 

* Irregjdar Variations. —Periodic variations in the rate of the heart may occur 
independently of respiration and without apparent reason. They may be noticed in 
convalescence from acute fevers and after the administration of digitalis. (Lewis.) 
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of the fluctuations in the pressure of the blood which is perfused through tlie 
brain. Ileyiniins concludes from these observations that the arrliythniia is 
•t to an important degn'c du(‘ to direct imuliatitnt 

Ti" i I I I ' l l r I I Iri I I I I p/‘ liH'fHfIsfts from Ihr respiratory to the eardiae 

R ISOLATED HEAD Si„us.„<l Aortic Nerves. 

nrii-i m mt> fully d<‘scribtMl on ])p. 73S et .svy/., prove. 

I r •'*'/>/ </.v and aortic )ierrcs sfahilke the 

I I I I I I heart rate in the normal resting individual, 

I I I I I ‘^re responsible for lYvsting vagal tone and 

I I I I I reflexly modify heart rate in response to 

III I sudden changes in arterial blood pressure. 

I V The prineij)al points are the following : 

II I (i) Stimulation of the central end of tlui 

INSP. I 1 aortic or sinus nerves usually reflexly slows 

I / the heart. 

ISOLATED TRUNK Section of these nerves accelerates the 

D I I heart to the same degree as injection of 

^ I T< , I atropine or bilateral vagal section, i.e. vagal 

tone is eo,n,,Ie.tely abolisl.ed and cardiac 
fWinil|Wi|railHFI|lnl|^Wr irregularities are set uji (p. 741). 

LUNGS DENERVATED (iii) In perfusion experiments a ri.se of 

f)ressure in the carotid sinus reflexly slows 
DONORS B.P. ^'hile a fall of pressure nfllexly 

/\ (piick<‘ns the h(‘art. 

i i The carotid sinus endings respond most 

J^^fively to changes in blood pressure wlum 
f * T I I IVT initial pressure is about the normal for 

^ * I I the species. Thi^s is well shown in Fig. 157. 

.\ fall of presASurc from 125 mm. to 100 rnrn., 
^ Siim.s from 125 mm. to 150 mm. ju'oduces 

li - R.roni or pspirntion tak.-.i fnm. greater Toflex (pjickening or slowing resp('c- 
aiii- luisi tim- luw fively than do changes of equal magnitude 

is(;lat(‘(l Iroin Hit- tniiik liv liivi- i i i i i i 

Sion of tiM- Turk, thf xai'i ak.no iarthef up or down the blood pressure, scale; 

!,nvf l:f ,»Ti'u'io.Tfron?';l a.Hm? ^hc aortic nerve endings act similarly. 

A lihKKi pn-xMin-oi «ioiioi. These observati{ms account for the inv(irAse 

.l» l{«‘coni of laart ratr of isolatrd i,* i* i j* 

trunk: thismk.ptalivrhy I,...anh relationship commonly noted in the restim/ 
of artin.iai ivspiiafioij. N"f'-tji.- Hiiimal between blood pressure and heart rate 

maiktni .minis arrhvtliiiii:i. Ihi* . t i i 

i)iark ].atf hrs in tiu- rrcr.ni ar«* (Marey s hiw) ; i.c. wlicii tlic blood prcASsuie 

rise.s. the heart rate fans, and vie.- versa. Tt 
Th(‘ arriiyiiiniia IS .)i»vi(insiy n-- sliould be iioted, liowover, that ill excrcise, 

latwl to fill’ rhtfthm of ri's in nit tun . . Vfy-i i 

in the he,Ilf. I'iw fast periods emotioH, anoTia, (O^ c.m?.s*,s, and other eon- 

ditions, htfjierteHsion may he associated with a 
Tinu* in :i ser-onds. (Ueymaiis, A’rr/Wy. rapid } earl rate. 

^ The rajjid resting heart rate in children is 

perhaps related to their lower arterial blood pressure level. 

(2) Afferents from Great Veins, —Nerve fibres ariose from the venous 
side of the heart (chiefly from the root of the great veins) (p. 735) and pass in 
the vagus trunk to the cardiac centre. These nerve endings are stimulated 
when the venous pressure rises. As a result vagus tone is reflexly depressed 
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Jiiul till*. lH?iirt rati* rises ; tin* syiii|jatli(^tic accelerator fihres are alsu retlexly 
stimulated to a. minor extent . 1diis rellex is called t he aurlcuJm or BttiuhriiJffe 
reflex (strictly spea-kinp: is should he called the rrnotf.<< rellex). It can he 
demoiistral.(‘d hy injectiiii; a larije volume of saline rajiidly int<» tlie central 
end of the jugular vein ; if the vagi are intact the heart accehu’ates. In 
nmsvtdiir rx('rcisc tin*, venous return is greatly increased ; the resulting rise of 
venous pressure jiiaysan important part in hringing about ea.r<liae acceleration 
during muscular exercise, thus helping the heart to g(*t rid of all the blood 
reaching it. 

In hmrt failure, (Migorgement of the right auricle often occurs, associated 
with a general rise of v(*nous pressure (p. 319). The venous reflex is set up, 
and accounts in j)art for tin* rapid pulse rate found in this condition. The 
(cardiac acceleratiori winch occurs in the early stages i)\' latmorrhatje in spite 
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Kk!. ITjT.—S inus Pri'ssurc and Fleart Rat-r. 

'I’la* riirvn rtliDWs Mur rllVrls nn hnirl ralir uf Ihr pn-srsnii- in tiiir isoiati'ii canitiil sinus. .As 

Mu* piTssun- is misnl tin- luart t;itr is disTr.-isi-d. Nornml rarotiil sinus pri ssiin- priuliicrs a heart 
rate of imrnial frenueuey. (Kneh, Kn-ishnfjjorsvh., I'.iUn.) 

of low veTious jiressure, is retlexly produced by anoxia (stimuhitiug the 
cfiemor(*(!t*])tors) ainl the fall of arterial hloml pn^ssun* (stimulating the 
] iressure rece. | >to rs). 

A risii of central venous pressure also reflexly accelerates respiration ; 
this may be a factor in the production of cardiac dyspnoea (p. 4(U). 

(3) Other Afferbnts. —Stimulation of sensory nerves may produce 
varying effects. Stimulation of the central end of the fifth nerve or of the 
splanchnic nerve causes slowing of the heart. A blow on the abdomen or 
irritation of the mucous membrane of the nose produces similar results* 
Most painful stimuli quicken the heart. 

4. Changes in Blood Oxygen and COg.—(i) Lack of oxygen— anoxia 
—accelerates the heart (Fig. 182); this is another factor in the production 
of the rapid pulse of heart failure. The degree of acceleration is ri'lated to 
the severity of the anoxia. When an inert ga.s like nitrogen is inhaled to 
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produoo acute and severe anoxia the pulse may increase in 1-2 minutes to 
140 per minute. An increase<l pulse rate is lilet*wise found in anaemic states, 
carbon monoxide poisoning, during tlie early stages of liaunorrlia^^e (|>. 83) 
and at hif^li altitudes. 

Anoxia first causes an ap}>areiit increase in the force of the heart beat, 
but the vigour later dies down, tliough tlu* heart remains accelerated till 
just before the end (of. Fig. 243). 

(ii) Excess of CO^ when of moderate extent also quickens the heart; this 
can be readily seen in man when 5% COg is breathed for several 
minutes to produce COg accumulation in the alveoli and the arterial blood 
(Fig. 181). In lar^e amounts^ COg poisons the bundle of His, produces 
heart block and a slow ventricular rate ; this is seen in the terminal phase 
of asphyxia. 

The cardiac ac,c(*lcration produced by anoxia and OOg excess is due partly 
f.o a (Iire(‘t action on the cardiac centre and partly to relies stinuihtlinn via 
the chemttrerepiors iji the carotid and aortic l) 0 (ii(‘s (p. 715). 

5. Temperatuke. —A rise of body temperature acts (i) directly on the 
sino-auricular node and quickens the rate of impulse formation (j). 23<>); 
(ii) the cardio-accelerator centre is also stimulated (cf. p|). 175 477.) 

6. A rise of intracranial pressure, if very large, such as (X'ciirs late in cases 
of cerebral tumour, directly stimulates the vagus centre and slows the heart. 

7. (i) Adrenaline. See p. 725. 

(ii) Thyroxine accelerat(‘s the heart in part by a dire(;t action on the pa(;e- 
maker. The heart is markedly quickened in hyperthyroidism (p. 09o) and 
is slower than normal in myxmdeina (p. 983). 

(iii) Vasopressin (Pitressin).—Sc(‘ p. If). 

8. Muscular Fxercise. —The cardiac acceleration of exercise is due, as 
stated, mainly to the venous (*' auricular ’') reflex. Acc(‘ssory factors are 
impulses from the higher centres, the rise of (-Og tension and tempeniture 
(and f>ossibly anoxia and adrenaline secretion (cf. p. 433)). 


THE OUTPUT OF THE HEART» 

The terms “ minute output or “ circulation rate ’’ mean output per 
ventricle per minute ; the term “ stroke volume '' means output per ventricle 
per beat. 

Control of Cardiac Output.—The output of both ventricles under 
normal conditions is exactly the same. The volunu? of blood pumped out by 
the left ventriele depends on tlie amount it receives from the right side of the 
heart via the pulmonary circulation. The output of the heart depends on 
(i) the venous return ; (ii) the force and (iii) frequency of the beat. It is also 
intimately related to (iv) hhod pressure, 

1. Venous Return.—This depends chiefly on the following factors : 

(i) The contractions of the skeletal muscles squeeze the veins con¬ 
tained within them and drive the blood on towards the heart. The 
veins possess valves which prevent regurgitation of the blood in the 
intervals between the muscular contractions (the veins are also actively 
contractile) (cf. vii, infra.) 

^ Grollman, Cardiac Ontput of Man in .Health and Disease, Springfield^ 1932. 
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(ii) With each inspiration there is an increased iiegative pressure in the 
pleural cavity which aspirates blood towards the heart (cf. p. 368). The 
diaphragm descends, raises the intra-abdominal pressure, and so squeezes 
blood out of the abdominal veins. 

(iii) Tli(n*e is a slight positive pressure in the capillaries and a sonicwliat 

lower j)n‘ssure in the veins which can propel blood on towards the heart. 
If th(‘ general arterial pressures docs not fall, relaxation of the arterioles 
supplying any regioji raises the. caf)illary jnessiire locally, and so aids the 
venous return (e.fj. from the __ 

active muscles in muscular ~ TT 

V VENESECTION CUFFS ON THIGHS 

exercise).^ 420c.c . 420cc . 70mm. Hg 

(iv) (Mrardtf assists the 1*4 Erzn t . mMsmmi 

venous return froi»i ])arts § 17 - - 

above heart l(‘vel, but greatly JC A 

hinders the return from the ^ *5 -72 - - >.72 

depemdent regions. 'J ^ x \ 

(v) Changes in blood *3 - \52 ' ' \76 

rohuhv : the venous return is 5 III „J I J 

(Imiiiiisiiwl by a decrease m _ , , 

blood vollinn* as after lurmor- 

rhage (Fig. 16 and p. 8*2) : it | •' Sv 

is correspondingly increased \ 5 '' v _ _ 

after intravenous injection of ^ 

saline (p. f)!)). $ 4 - ^ ’ 

(vi) Capillanj love: nor- 

inally iiamy of th<' capillaTies W 3‘- q /q 30 o““io“lWo 

in any organ are quite narrow minutes 

und some may be closed. Tf ,,,,, , ,r,-,.-Results of 

all the capillaries over a con- A^‘n(*se(‘ti<)ii in .Man. ‘'Ph\'.si()lr>gic.jil v<*n(s 

siderable area become jiatent section ” in Man. 

and widely dilated, they can Normal Mii.j. c Mn supimM.o.-;ition , . * 

y ^ K.A.I'.-* ridit aiH'HUlar prrs.smi' fm mii. .snlim* antrnor t«) 

accommodate a large projjor- post.-rior snHjm-or tlmr.ix) nronlcd hy nnthcliT ill i-iL'Iit. 

tion of* th#* v^f^binip oiid aurii’lc c-OMMi‘cti*il l-o inanoTin'ti’i. 

tion 01 tne uiooa volume, ana ,r,Uar. output (in litns p.-r minute) nM‘or.lc.l l.y 

less is available to Tetuni to <iin-ci. Kir.k iiu thou. 

.1 . rri, ^ l-’iixun-.s on iMirvfs-^lu'art rate p('r inimitc. 

the veins. Ihe venous return |,’i^ withdraw sjo r.c. or niood in 2 r> minuti".. 

IS fTTpsitilv Tpdiippd foT" this Ui l■’iJ^. laSl, apply cull.'^ to Ijotli 1)ijv;li.'^ .‘lud inllati* to dia.sfolin 
18 greayiy reaucea lor rms pnssuro ( 7 n mm. lluo to trail approximately 7 tM) 

reason in histamine poisoning c.r. ot blood in ii «s. 

0 . 17 V Note similarity of result.^ in both i‘xpi'rinuMits. flSlcMicliiicI 

\P. /• ;nni Sbarpey-ScbalVi’, Jlrif. /h'tirf ,/., Ib44, 6 ', •JIJ.) 

(vii) The veins thcmselv(‘s 

arc controlled by the vasomotor ctmfcre (p. 318) and by chemical influences 
in very much the same way as the arterioles. Any factor which constricts 
the veins and so decreases their capacity helps to increase the return of 
blood to the heart. 

Other things being equal, an increa.se in venous return increases the cardiac 
output per minute and a decrease in venous return correspondingly decreases 
the cardiac output (Figs. 158, 159 and 46). 

2. Force of the Heart. -This depends on : 

(i) The Initial Length of the. Muscle Fi 6 ms.—Within limits, the greater 
the initial length of the heart muscle fibres at the beginning of systole, the 
more forcible is the contraction (“ law of the heart (Starling)). This 


Kio. l.'iS. - Ufsults of Kio. ir>!).—llosiilts of 
A^‘n(*se(‘tioii in -Mnn. ‘'Ph\'.siologic.jiI V<*n(s 
Sfctioii ” in Man. 

Normal Mibjrc l in supiur position. 

K-.V.I'.-* ridit aiiiHular pri*.s.surr fin mu. .sjiliiu* antrrior to 
postiTior surbu'i- of tlior;ix) rfforded by nuthnliT in riiilit. 
;iuiirlr rouniTtfd t-o manoTin'frr. 

C.O.- rardim; output (in litns per minuti') n-i'ordcd by 
diroct. Kiuk iiu.’thod. 

l-’iixuns on riirvis-^lu'art nita pi'r inimito. 

In f’iif. IfiS. withdraw sjo r.i-. of blood in 2r» minuti**.. 

Ill F'r^. l.'tH, apply cutis to bntli tliij'lis ;iud intlatc to diastolic 
Idood pnssu'ro (70 mm. to trap approximatc.ly 700 
c.c. of blood in Icus. 

Note similarity of results in tiotli i‘xpiTinients. (ISleMiebael 
aiiii Sliarpey'Sebaf'er, Jirif. flrtirf ./., 1(»44, 6', oU.) 
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can be well shown experimentally in the denervated heart-lung preparation, 
in which the heart rate is constant.^ It is found that if the venous return 
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Fig. 160.- " Effect of Increasing Venous Vressure and Vcnious Inflow on Vontriciilar Output 
per Beat in Heart-Lung Preparation. (Starling ct al., ./. PhysioL, 1914, 4S.) 

Kecord» from above downwards : 

Venous pressure in mm. H 2 O. 

Cardiac output per beat reeonled with ventricles in eunlionn'ter. Tlie scab; on tlie left 
shows the output per beat (per ventricle) in c.c.; tin* values on the re(ior(l jiive the mitpiit 
(per ventricle) in c.c. per riiimite. Cpstroke-r systole - r/fr/-e«Kc in ventricular voliiiue ; 
dowustroke —diastole- in venlrieular volume. As tin- eardiac nerves wert^ cut no 

chunKe in heart rate occurs. 

Ill*: arterial blood pressur<?. 

Time in second.s. 

At A (first vertical) the veimus pressure was increased from u;» (o m:, hum. and IIh- venous 

inflow was eorresjumdiiijrlv increased. Tlie ventricles iirnieisro proiires.sive dilatation, i.r. 
they fail initially to disehar^*' as much tdood as they receive. Tin' increased stretch tif tin- 
muscle fibres durlim diastole leads (o increased force ol eoniraetion ; when eompeiisation 
is fully estatilished the eanliae output is increased from old to S4(i e.e. per mimite. Not*-, 
however, tliat the voliiim* at the emt of systole n inaiiis irn n a.sed, i.r. the ventrii les are imt 
now emptying duriiii; systole as completely as iliirinui Uie i-ontrol period. 

fit is probaiile that umicr more normal e\peiimeiitai ronditioiis. altliouoh tlie ventricles would 
dilate durim; dia.sfole a.s shown in this experiment, thev wonbl emptv mon- completelv diirintr 
systole.] 

At H tsccoiid vertical) tlie venous return was lowen*<l to .'..*1 mm. II^O. The diastolic volume of 
the heart iiiarkerlly decreased and the eardiai' output fell to ISts'^e.e. per mimile. The arterial 
lilood jiressure ehaiiKed very little. 

is artificially increased with resulting distension of tlie heart, the force of the 
heat is correspondingly enhanced, and the* Jargtir inflow is succtissfiijly d(*alt with 

^ This prcpnrntion is us<‘ful for .sludyinj; the output of tlie bt'jirl oxp(*nnH'ntally iindiu- 
ccindilions when; .sonic of the factors can he rnodilicrl at will. TIu' thorax of an animal 
is operuMl and artificial respiration is carrii'd out. aortic arch is tied beyond the 

origin ol the iniioniinutc artery. By means <if a cannula the hlood is led from the in¬ 
nominate artery to an artificial peripheral resistanee Avhieh eonsi.sts of a thin ruhber tulie 
cTX’losed in a glas.s tube, in which the pressun* eaii he rai.st'd to any desinvl (*\t<‘nt. The 
hlood is warmed and returned to the right aiiriele and sent by the right vent ricle throiigli 
the lungs and tbu.s hack to the left heart. \'ariations of pnlst; rati; are prevented bv 
.seefion of tlie vagi. ^J'he output of the heart ran be measured dircM-tlv by collecting the 
hlotal for a given time after it Ims jiassed through the perijilieral resi.stainr. 
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by ii larger eardiae output witliout change in heart rate (see Fig. ItiU and 
legend). 

In accordance with this principle, it is found that when the ventricle is 
underfilled, e.g. after haemorrhage, or in obstruction of the mitral orifice, the 
force of the heat is nMluced ; when the venous inflow is large and diastolic 
lining is great, as in muscular exercise, powerful beats are oldained. Put 
should tln^ fibres l>e ocerslretched bi^cause. of excessive filling, a more feeble 
contraction is obtained, the output ])er beat is diminished and the heart does 
not empty itself effectively. This may oe(;ur in certain stages of clinical 
cardiac failun* and is then associated with engorgement of the venous side 
of the heart. In such cases, venesection, by lowering the venous pressure and 
itHlmung tlie abnormal dt^gree of stn^tch of tin; muscle fibres, may greatly 
improve the eflicuency of the individual beats and corise(iuently of "the state 
of the circulation. 

Chronic excessive stretching of a mild grade may serve as a growth 
stimulus to heart muscle fibres. This is well seen in certain instances of 
valvular incompetence. Thus, in mitral or aortic regurgitation, there is 
excessive accumulation of blood behind the leak, i.e. in the left auricle and 
left ventricle respectively. The fibres respond to stretch by more powerful 
contraction, and in the course of time overgrowth (hypertrophy) of the chamber 
develops (p. 297). 

(ii) Diastolic Pause, —If the diastolic pause is too short, the heart has 
inadequate time to recover from the effects of the previous contraction, and 
the force is diminished. In addition, with a constant rate of venous return, 
a shorter diastole may mean lessened venous filling and consequently feebler 
beats (cf. infra). 

(iii) Nutrition and Oxygen Supply of the Heart. —Obviously these must 
be adequately maintained ; the subject is discussed on pj). 230 et seq. 

3. Frequency of the Heart. —The rate of the heart influences the 
cardiac output, both directly and by affecting the force and the venous filling. 
In the resting person, witli consUinl renous return, the normal range is 
satisfactory, because it jjrovides ample diastolic time for venous filling 
and for recovery of the heart muscle, and the beats are frequent enough for 
effective transfer of the blood from the venous to the arterial side. Marked 
alterations in the frequency (with unaltered venous return) serve no useful pur¬ 
pose, and may be definitely harmful. This is well seen in cases of paroxysmal 
tachycardia and heart block. In the former condition the heart may accelerate 
to 150 or 200 per minute. Diastole is too brief to allow proper filling of 
the heart to take place, and each beat is very small; in spite of the high 
frequency of the heart, the output per minute may be reduced to less than 
half the normal (cf. p. 290). In heart block, on the contrary, the ventricular 
rate is very slow. There is ample time for venous filling, and for recovery 
processes to occur. But the beats may be too infrequent to empty the venous 
side, and consequently, though each beat is large, the output per minute is 
reduced (p. 284). 

If the venous return is increased, the heart can cope with it, within limits, 
by increasing the size of each beat. But this adjustment will only provide for a 
two or threefold increase in output in man, corresponding to an increase in the 
stroke from sav 60 to 180 c.c. per beat. When the venous inflow is still greater, 
as in severe muscular exercise, acceleration is essential if the heart is to dispose 
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of all blood wliicli readies it (p. 4d3). Tlie shortened diastolic jiause is no 
hindrance, liecause under those circumstances the heart fills in a shorter yeriod 
than normal, owing to the very high venous pressun; and the rapid venous 
inrush into tlie heart. 

4. Relation of Output to Blood Pressure.—The Uood pressure varies 
as the product of cardiac output and peripheral resistance ; increased cardiac 
output therefore raises, and diminished output lowers, blood jiressure 
(cf. p. 302). 

When the peripheral resistance (and blood pressure) are suddenly raised, 
the heart initially fails to discharge all the blood that it receives and so 
undergoes dilatation. The resulting increase in the initial length of the 
iibres h‘ads to increased force of contraction with the result that the venous 
return is succe.ssfully dealt with and the normal output per beat is restored 
in spite of the increased rissistance. 

Measurement of Cardie Output by use of the Pick Principle. It 

was first ]K)inted out by Kick that the out])ut of the heart can lx* determined 
when certain fac’ts about (X)o or Og excliaiiges an* known. Applying the 
principle t<» (X )2 : 

COg content of the mixed venous blood, e.y. 52 c.c.‘'o' 
tJOg content of tlie arterial blood, e.y. 48 c.c.’j^,. 

(Xlo output per minute, e.y. 200 c.c. 

It follows that every 100 c.c. of venous blood reaches the lungs carrying 
52 c.c. of COj, and leaves with 18 c.c. ofCO.^, i,e. gives off 4 c.c. of (Xlg. There- 

100 

fore 200 c.c. of COo ar(‘ given oil’ by ^ X200- 5 litri's, which is the blood 

how through the lungs ]»er minute and (‘oiisequently the outjiut of the right 
or left ventricle. The general formula used in tin* calculation is : 


Cardiac Output ((!,c.) = 


.„ X 100 

Arterial-venous CO .2 dilterence (c.c.%) 


Similar calculations can be made from equivalent data about oxygen, 

e.g. O 2 content of mixed venous blood = 15 c.c. 

O 2 content of arterial blood = 19 c.c. %. 

Oj consumption per minute ~ 200 c.c. 

100 

Blood flow through lungs = ^ x 200 = 5 litres. 


The general formula used in this calculation is : 


Cardiac output (c.c.) 


O 2 consumption (c.c.) 
Arterial-venous O.^ dilterence (c.c.%) 


xlOO. 


In animals, the Kick method can be employed using Og or COy. Arterial 
blood is obtained by arterial puncture, and mixed venous blood by direct 
])uncture of the right veiitrieh? ; the gas eontcuit of the blood sample is then 
determined direetly (pp. 410, 416). It is no use collecting blood from a 
cutaneous vein and determining its COo or Og content because the composition 
of the venous blood differs in the various regions of the body with the degree 
of local tissue activity. Wo need to know the composition of the mixed 
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venous blood, which is only found in the right heart and the pulmonary 
artery. 

The Jnodi^i(^d inetliods w}ii(di may be used in man are d(*s(.Til)ed below. 

(1) Direct Pick Method in Man using Oxygen.^ (i) The oxygfm con¬ 
sumption is determined in the usual way (p. 372). 

(ii) Arterial Blood. —As it is undesiralde to puiKJture, the radial artery 
the Go content of the arterial blood is calculated iVom a luemoglobiu determina¬ 
tion (p. 173), assuming that the blood has the normal average degree of Og 
saturation (i.c. it is 9570 saturated 

(hi) Mixed Venous Blood. To obtain a sample of mixed venous blood, 
a long, tine rubber tube is introduced with suitable precautions into the right 
antecubital vein and is directed uj) along iiw. veins until it enters the, rvjht 
auricle (Cournand’s method). The |)atient’s interest and saft‘ty should always 
be conscientiously considered before this procedure is embarked upon. Tlie 
oxygen content of the blood so collecte<l is determined directly and the 
cardiac output calculated.*^ 1'iie techni(|U(‘ involves an inevitable degree of 
emotional strain on the part of the subject and so giva^s readings “ at rest ” 
which are higher tlian the true basal values. On the other hand it provides 
reliable information about chanyes in the cardiac outj)ut which take place 
under diiferent experimental and clinical conditions. 

(2) Indirect Pick Principle (using Oxygen) applied to Muscular 
Exercise (Hill). —The Pick method in a modilied form can give informa¬ 
tion about the cardific output ev(Ui in 'vHolent exercise. The arterial 
oxyyen eonteM and the consumption are determined as in (1) supra ; in 
severe exercise the latter may reach *1 litres p(‘r minute or more. The O 2 
content of the viixed venous blood is a])j)roximatedy assessed from the following 
considerations and not directly determined. During bicycle work, when the 
(>2 consumption is about 2 litres per minute, the O 2 content of the mixed 
venous blood may be reduced by 60%, i.e, to about 7 c.c.%. In more strenuous 
work it is justifiable to presume that the blood is even more extensively 
reduced, i.e. the mixed vamous Go content is perliaj>s 4 c.c.’/o. Wc know that 
the. lilood leaving the muscles is almost com])letely reduced, but that from the 
skin, brain, and viscera still contains hiir amounts of oxygen. The usual 
calculation is employed : 

O 2 consumption (c.c.) ^ 

Arterial-venous Gg difference (c.c.%) 

. = lit™. 

19 4 - 

This value is undoubtedly reliable as far as order of magnitude of the 
cardiac output is concerned. 


Cardiac output ^ 


’ Coiirnaiifl ef «/., Pror. Sor, f'j ff. find. Mfd.„ IIUI, lli ; 11)43, 73, 1H)4 ; 

din. 11)42, 2/, 287; Jiyf), 27, 100 ; McMirhad ainl Sliarpoy-.S<*hafer, Prit. 

IJparf, 11)44, 6', 33. 

^ Haiinoglobin content In ; I «. of hemoglobin unites with 1-34 r.r. 

of O, when fully saturated; it the blood is 1 ) 0 % saturated, the oxygen content is: 

15x1*34x,qq=19<^-^% 

® Even in the right auricle the blood from the inferior and superior vena rava may be 
partially strcaiidined so that a true mixed venous sample is not always obtained. 
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The minimal cardiac output that Avould enaV)le the Oo (‘otisunied to lie 
absorbed in the luri"s can be calculated by assnniin«j[ tin* mixed venous Oo 
content to be zero. In the above exa.inf)le the cardiac output Avouhl 

be litres. As the mixed venous Go content is undoubtedly 

more than zero, the cardiac output in this form of exercis(‘ must exce<‘d 
21 litres per minute. 

If the Ug consumption is 5 litres, the cardiacs out])ut may be calculated 
to be about 35 litres. If the pulse rate is 18U per minute, the strok(‘ volume 
is 150-200 cc.^ 

Factors Influencing Cardiac Output in Man.—(1) Resting Output.- 

With the direct Fick method (using oxyg<‘n) the cardiac output in adults 
is 5-6 litres per minute ; as those conditions are not basal owing to the 
presence of emotional tension, the true resting cardiac out])ut may be about 
i-5 litres. The output f»er beat is a]K>ut 60 or 7t) c.c. Then* is a fair relation¬ 
ship between cardiac outjjut and body weight and a closer relationship 
between output and surface area (p. 37S). Little is known about the out})Ut 
in children or in old age. Eniotioual states produce varying degrees of (‘h‘vation 
of cardiac output. 

In passing passively from the horizontal to the erect position the cardiac 
output diminishes by about 1 litre per minute. Under th(\se experimental coiv 
ditions the leg muscles are slack and are not j)nmpi!ig tin* blood back to the 
heart: as gravity hampers the venous njturn the cardiac output, falls. 
Under conditions of normal slandiny the erect ]>osition is accompanied by 
some degree of limb-muscle activity which adequately compensates for the 
deleterious effects of gravity. 

(2) Distribution of Cardiac Output.— Partial data (given in c.c. per 
minute) are now available for man about the distribution of the. cardiac output 
to the various organs at rest and during activity. The outstanding finding 
is that the two kidneys receive about 13(X) c.c. of th(^ total resting output of 
5(X)0 c.c. (p. 36). The blood How to the brain is estimated at jiiK)ut 750 (’.c. 
(p. 306). The blood how to resting limb skeletal mus(de varies l>t*tween 1 and 
4 c.c. per 100 c.c. of muscle (p. 308). The muscles form 40% of the body 
weight and in a 70-kg. man their total weight is 28 kg. If limb blood How 
conditions are representative of the musculature as a wlioh* tin*, total resting 
muscle blood How is 300-1100 c.c.. At a gU(*Hs, the coronary artery flow is 
100 c.c. The kidneys, brain, skeletal muvscles, and lieart tlius account for 
2500 3(XX) c.c. The other half of the resting cardiac out])Ut pa.sses to the 
skin, abdominal viscera (excluding the kidneys), and boiuis. 

(i) The blood supply to the skin is mainly adjusOMl to meet the ne(‘ds of 
temperature regulation. The degree of possible change of blood vessel calibre 
varies with the skin region examined and is greatest in the hands (especially 
the fingers), the feet, and probably the face. The flow (per 1(X) c.c. volume) in 
the two terminal finger phalanges may vary from 0-2 c.c. under conditions 
of extreme vasoconstriction tf) 120 c.c. in full vasf)dilata.tion ; in the fingers as 
a whole the maximum How is 60 c.c. (5*}o of the finger is skin) (Fig. 11)8). 

(ii) The blood flow through muscle varies with its metabolic activity. In 
vigorous activity the forearm flow (per 1(X) c.c.) may rist^ to 30 c.c. (Fig. 262). 
If such a level of muscle blood flow became general the total musede*. flow 

^ For l>alliHi(K;ardiographic iticUiod, sri! Slarr, Jlarvvy LecL^ 11)47, /2, 104. 
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would amount to about 14,000 c.c.. iSu(di an onlor of flow ruiressitates, of 
course, a ^n*jit in(*r(‘ase in the t-otal cardiae output. 

(iii) Tln^ rorotianf How during violent activity ris<‘s to 8t)0 c.c. (p. 2'JS). 

(iv) The brain blood flow is })robably inianected by the level of mental 
activity. 

(v) The flow in tin* ahf/ouNnal risn'ra incr<‘ases (‘onsiderahlv during 
.secretion of the. diizestive juiees (Kig. blH). 

(3) Relation of Output to Metabolism. —(i) The metabolic activities of 
the body are limited by the oxygen iSUjjplies. Kach litre of Og employed in the 
combustion of foodstiiifs mak<‘s availabh* 1-8 kg.-calories (on an avera.g(‘). 
Tin* output of t he, heart, and conse<juently the oxyg(*n sn|)|)lif*d to tin* tissin‘><, 
an* related (as Jiiight be expected) fairly clo.sely to the metabolic rate. Bodily 
activity nn^ans more vigorously contracting muscles, more ])owerful respir¬ 
atory movements, relaxeil arterioles in musch^s. and raised capillary pressure. 
The heart deals with the incn*as(nl venous return in mild exercise either 
(a) by increasing tlui rate or (/>) by increasing the stroke volume^ or (c) both 
methods may la^ employed. In addition, the increased demands of the 
tissues for oxygen are met by ahslraclintj more O^Jrom the blood reaching the 
tissues, i.e. the coefficient of utilization (arterial-venous oxygen difference) 
is raised, and the venous blood leaves more extensively reduced (cf. ]). 413). 

(ii) In strenuous exertion, such as severe running, the minute output may 
reach 30-40 litres ; the pulse rat(* rises to 150-180 f)(*r minute, and the stroke 
volume may l)e as large as 170- 220 <‘.c. Hie mixed venous blood is extensively 
reduced, e'g. the oxygen content may fail to about 4 c.c., and the arteriHl- 
veiious oxygen diffe.rcncc may be, e.g. 19—4 c.c.--15 c.c.%. If the blood 
volume is taken to be 5 litres, it i.s obvious that., at rest, an amount little less 
than the blood volume is di.scharg<‘d (‘acli minute from each ventricle, fn 
strenuous exertion however u]) to six to eight times the blood volume (about 
8 gallons) ma,y jiass tbrougli each ventricle per minute. This last figure 
prohably rejiresents the maximum possible effort of the heart (cf. p. 433). 

(iii) ‘As indicated on pf». 990 and 983, owing to the changes in metabolism 
ill exojfhthalmic goitre and mgxivdema, corresponding changes in cardiac output 
are encountered. It is somewhat dillicultto see how alterations in the meta¬ 
bolism (not tin*. 1 't‘sult of exercise) produce tin* ap]>roy)riate modifications in 
the venous return which must of necessity precede an alteration in cardiac 
oiitfuit. It mav be sii]»posed, however, that when the metabolism is iiicreaswl, 
the arterioles in tin* more active tissut‘s are ndaxed, with a c-orrespondiiig rise 
of capillary arid venous ])ressure which projiels blood more rapidly to the 
heart. 

(iv) The ing(‘.stion of food (which sliinuhit.<*s nH*ia.bolisin, increases the 
oxyg(‘.n (-onsmuptioii and rais(*s the puls<* rate) may increa.s(‘ the output ])er 
minute by 0*5-1 litre. Change.s in out[)ut of a similar order of magnitude 
are said to follow tin*, iiigestitni ()f large volumes oi Jlual. 

(4) External Temperature.- -(i) When the external tcnjiperature is 
lowered (from 10*^- 20"" (?. as the starting-point), the minute outjait and pulse 
rate are little altered. T^he metabolism is increased, but the greater oxygen 
retpiirements of the tissues are yirovided solely by more extensive reduction 
of the blood. 

(ii) If the external temperature is raised tin* metabolism does not change 
at first. Even when the external temperature is as high as 40''-45‘" C. the 
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oxygen consumption is increased very sliglitly ; I mi both the ]mlse rate and 
cardiac out])ut per minute are raised considerably. This increase in cardiac 
output is not due to the change in metabolic activity (whi(‘h is small) but to 
the need for teinperatiire regulation. External heat causes dihitntion of tln^ 
arterioles of the skin (and also of the capillaries) ; this enables a, much larger 
volume of blood to reach the skin and facilitatcvs the giving off of h<‘at 
particularly by evaporation and radiation. The blood in the skin veins has 
a high oxygen content, which raises the oxygen content of the mixed venous 
blood. The increase in venous return needed to maintain the raised minute 
output is presumably brought about by raised capillary and venous [)r(‘ssurc 
resulting from the cutan(‘ous arteriolar dilatatior) (cf. p. 477). 

(5) Relationship TO Body Weioht. - If wtnglit reduction is brought 
about by dietetic means in ohe.^e. subjects both tin* cardiac oiit]uit and Ihc 
work of the heart are substantially reduced {e.g. by 3(V,’„). 

(6) Action of Anoxia. —At high altitudes the cardiac output, slowly rises 
at first and then df'creases once more to normal (cf. Fig. 213, p. .‘Uh)). 

(7) Action oft'Oo Excess. —The inhalation of carbon dio\ide-rich nii.vt.ures 
is said to be without effect on the cardiac output until tlie concentration of 
the gas in the inspired air ex(‘.eeds 0%. With higher concentrations some 
increase in cardiac output is obs(‘rved (cf. Fig. ISl). 

F(n' effects of ha niorrhage set* p. SI ; injections oi' inf ran iaais saJinr. scp 
p. 


ABNORMALITIES OF CARDIAC RHYTHM 

Heart Blockd —By heart block is meant a condition in which there is 
defective conduction in some part of the heart. 

The following vari(iti(.*s of heart block may lx? recognized : 

(1) Sino-Auricular Heart Block. —This is a rare condition in which a 
whole heart beat is lost at varying intervals. During this pause there is 
neither auricular nor ventricular contraction, nor does any electrical variation 
occur. After an interval which is usually less than two complete cycles, the 
heart resumes its normal action. Occasionally every otlier beat is suppressed 
completely, and a profound slowing of the whole heart to about 30 beats per 
minute is noted. The condition is at once unmasked by exercise, when the 
“ missing ” beats reappear, and the heart suddenly doubles its rate. It 
then gradually accelerates further, like a normal lieart. 

S.A. heart block may be produced by vagal stimulation, and is relieved by 
“ paralysis ” of the vagal endings with atroj)ine, or by exercise (which de¬ 
creases vagus tone). The clinical condition is perhaps due to heightened vagus 
tone acting on a susceptible S.A. node. Block is produced within the substance 
of the node, and the impulse never gets out to activate the rest of the heart. 

(2) Main Bundle Block. —If the bundle of His is (;om])ress<‘d or 
damaged, conducdioii is impaired ; changes occur in the following order : 

(i) Delayed conduction (P-R interval exceeds 0*2 second). 

(ii) Failure of occasional and then of a larger proportion of the auricular 
impulses to reach the ventricles (see Fig. 161). 

(iii) The ventricles respond to every second, third, or fourth impulse from 

1 Rosenman et al,. Arch. int. Med,, 1950, S6, 190. 
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the S.A. mnU^ as shown hy tlio osta})lishment of ratios like 2 : 1, 3 : 1, 4 : 1 
between the aurieiilar and ventricular beats. 

The above conditions are called partial heart block. 

(iv) Complete heart block : none of the auricular impulses reach the 



101• Siniultain'ous V’(^e(»us, lijulial, Jiml EIc*r(.roc*aTdi<)gra[)l»i(; Curves from 
with Partial Jrleart Plotk, showing “ Dropped” Beats. 

Ili cord" IroMi tlowiiwiitd - ; jn'_'iil.ir \riioiis jiiil*'*', raili.-il |nils»*, iind rlt «-trtM;iidiui:niin, j<<;id 11. 

The MMdiid I’ W!i\r (l’*i III llir I'lfcinu arUioirnuM iiol IoIIowimI by a veiilririiliir roiiipli x ; dniilarly tin- 
MM tuid a M.'ivi' ill.*] not fdllmvctl liv /• and r wavrs ; nor is tJuTi* any coirrspundiiitr Itld^ati(ln at tin' 
I'ollnwiifj lids dr<>|.ii' tl Im-.iI (lony; paiiisc in Ihf pulsf toning tin* I'-It and tf-r intervals an- 
noi nial . in the Mlceeedillir eyele.-s they ieimthen InO I ainl ti o see. .Niit.iie that tile inrirt(si' of Uu' m.roto/ 
I’-i! itiiol (f-r) i ifh’rrttl'f to't't fln‘ f'.tsi is iin’otnlhan tfo- ittm-osf of thr thir<l orer Ifo' sfroiol ; this shortens 
the int.er\entrieiilar period djr"<‘lly preeedinit tin* next dropped heat, /.e. the veritriele ipiiekens to ihe 
jMjinl ol’disi lirlilinee. l''<dl<.)\vini^ t he next dropped heat the events are repeated. 

'l ime (lo\^es^ reeordt in liftlis of a seeond. j( f. I’iu'. 47(i.| (Lewis. McrlHHiisnt (not (frniihir Itvifistivtion 
of 11‘'ll it Unit,) 

ventricles. The beats of auricles and ventritiles are completely dissociated, 
and bear no relation whatever to one another. The ventricles now beat 
witJi MTi independtiiit rhythm (Fig. 102). 



Ihtj. 10 l>. .(V)inj)lcte iloiirt Hlock in ^lan. (i.ewis, Mechmilsm and Grafikir. 

UvijLstration of Heart HpaiL) 

Iteeords Imm above downwards are : .insular veiioiirt pulse, nulial jmlsi;, iiinl el«*i troeardioyrum (l-ead 11). 
Note tin- regular relationship In lween the jiijxnlar r waxe, the r.-nlial primary \\a\e. and Hie 'yy/J''' 
(all Indi.'iitivc ol venlrieiilar aetivitx). There is a re.LMilar relationship also hetweeu (In « 

waves ami tin*. I* wave (indieatiru: aiirinilar aeiivity). la their jv.spt.ett\v ree^nds the a Axaxes ami i 
\v;i.v(!S follow reeiilarly. There is no ndationshiii hetweeii auri<’ul;ir ami xentneiilar events. 


When 2 : 1 block is established, the electrocardiogram shows regularly 
spaced P waves, which are twice as numerous as the ventricular complexes. 
When complete block is present, the independent ventricular beats arise 
from the most rhythmic part of that chamber wbicli is usually the region 
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of the bundle just below the site of the block. The excitation process, there¬ 
fore, reaches the two ventricles along the normal channel of the two branches 
of the bundle. The ventricular complex may be quite normal in character, 
but is in no w'ay related in time to the auricular wave. 

Effects of Heart Blocmv. -While the In'int block is ])artiaL the 
ventricles beat slowly but always in response to auricular impulses. The 
circulation is fairly effectively carried out at rest, the diminished rate 
being compensated for by the larger output i)er beat. Because of the 
larger output per beat the systolic pressure tends to be raised ; the diastolic 
pressure is lower than normal owing to the longer time available for the 
blood to leak out during diastole from the arterial system into the capillaries. 



sec. . . COMPLETE HEART BLOCK_ _ 

Fio, 103.—Sequence of Events in Slokes-Adiiins' Attack in Alan. 

Elcf’tr<)<'anli(»jira{)lj rccurds to lie read from Jell t«» ritihl. and MHTfH.siv»*ly fn»jn ahnM.' downwards. 
Tinu* in sf<‘, 

111 upixT ns'ord tiioro an; frcquonl (lrop|M‘d Jicats (T’ not rollo\vt,*d by ventricular complex) inter¬ 
spersed Jiftwccn luiinplctc I’QllST c(nnplrxcs. 

At .arrow in nii<ldlc record, licart bloclt becomes complclc and Iroin tlicn onwards tJicre is a rccnlar 
,'HcccHsion of 1 '* waves, none of AvIiieJi is followed b\ venfrieular eoni|dcxe.s. ( Ib rniann ft of.. 
Arch. Mahut. Cwur., .W, 772.) 

Exercise, is greatly limited because llie Jiecessarv acceleration of t lie lieart to 
cope with the greater venous return cannot take jilace. 

If the heart block becomes complete fiuddenltf, the vtmtricles may stop 
beating temporarily. [The same result is obtained w'hen a ligature is titul 
between the auricle and ventricle of the frog (“ Stannius ligature Some 
little time elapses before they can accustom themselves to the new conditions, 
and so the ventricles are quiescent until they b(*gin beating at their own rate. 

Stokes-Adams’ Syndrome.— Fig. l(k‘5 shows the electrocardiographic 
changes in a case in which, after a pha.se of partial heart block with frequent 
dropped beats, eomj)let<^ heart block developed acutely, leading to arrest of 
ventricular contraction for 2 minutes.^ With ventricular standstill the blood 
pressure falls to zero and the blood su])ply to the brain ceases. After 5 
seconds, consciousness is lost ; after 15 seconds then? an* muscular twitchings, 
convulsions and (?yaiiosis ; breathing is intensely stimulated (presumably 
reflexly by the fall of blood pressure and tin? anoxia., and also f>y the ('Oo 
accumulation). After 30 seconds, breathing becomes slowed (owing to tin* 
* Hermann et al.. Arch. rnal. Cceur, 1937, 30, 753. 
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(|jr(‘(‘,t (leprossion of tlu* respiratory centn^ by })ull)ar aiueniiu) and stops after 
I niimite. Jf the lirart reinains (jiiiesceiit death ocenrs after a})Out 2 minutes. 
In 1.1)0 case illustrated by 103 the V(‘ntricl(‘s resumed beating : this led 
i(> a transient hypertension, no doubt due to vasoeonstrietion resulting, from 
aspliyxial stimulation of tlui va.somotor centre ; later breatliing roturiu'd. 

An attack of complete heart block accompanied by fainting as just 
describc'd constitutes the Stakes-Adams* syndrome. 

(3) Bundle Branch Lesions. .-If (for example) the right branch of tlie 

bundle of His is destroyed tln^ left veiitricde is invaded nornially. In tlie 
ease of the riglit ventriehs however, the imj)ulse cannot reach it initially 
along the normal channels; the impuls<‘ spreads relatively slowly from the 
left to the right ventricle, by ))iuscidar continnity until at sonu^ stage it 



[ Fi(i. Kil.—Klrctrufardingrajiliic Aj>j)e.‘ir.infcs ill P»raiu-h niindlr Lesions in Man. 

,\. braiu'l) Imailli* lesion. 

IJ. Kiifla br.uirh hinnlle le.sjon (•• .sr.’iiDlard 

C. Kiiiht laanrh lunnHi: lesimi (eoniiuon eiirve), 

IjijmIs 1, Jl iiinl 111 rrijiij aliovr (l(i\vn\v.'inh. I'iiiie in J ."i M-e. (Mtitlitied Iroin I'lvaiis ami 'rnnibull. 
iMHfft. lli.lT, ii, I I'JH.* 

reaches the right branch Inindle beh)vv the. site of the block, after which 
invasion is (jonijdeted rapidly. Tlie jKittern of left ventricular invasion is 
consetjueiitly abnormal and its duration is prolonged. The QRS complex 
which represents total ventricular invasion will likt'wise be prolonged (its 
duration always exc(‘(‘ds tin* normal upp«‘r limit (d* 0-12 second) and shows 
abnormal features ; as the patleni of repolarization is also anected the 8T 
segimmt and T wave will show abnormal features. 

(i) JdCFT BH.VNCir Blndle Lfsiuns. —The typical human findings are 
illustrated in Fig. lOl In all leads QK8 exceeds 0*12 second. In Lead I 
the H is tall and is followed by a plateau which may sho>v irregular variations 
(“ splintering”). In Lead ill there is a jiredominant downwardly directed 
and prolong(*d S. Idiere is no isoelectric jiosition of the 8T segment. The 
T wave may take off from above or below tlie isoelectric level ; its direction 
is in tile opposite direction to that of the main initial dellection, i.c. down¬ 
wards in Lead I and upwards in Lead IJL 
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(ii) Riuht Branch Bu.vdlr Lksions. -Tho olrctrical findings jircj cc)!)!- 
j)l(‘X. Ill Lead 1 tliej*e is always a stce.j) proloii^eil irregular downwardly 
directed S, followed by an upright T (Fig. J(>1, B. C). The findings in 
Lead 111 are however very variable ; the main initial wave is ('ommonly 
directed downwards (Fig. Kil, C) ; in the so-calh‘d “ standard " <*urve (wJiich 
is less conirnoii) the niain initial wav(i is dir<ir.t<.‘d upwards (Fig. Kil, B). 

New Rhythm Centres.—In the inn'inal lieart s(?vi*ral centres of rhythm 
formation are potentially active, but the centre which generates an impulse 
most rapidly sets the pace of the heart. This is normally the S.A. node. 
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Fig. IG'). -Myoiiardiographic. Curves (A ^Auricle; V--Ventrirle) luid KlerlnK-arrliognmi 
froTTi boar) 11, showing the Kfte(;t of applying Cohl to the SuhMis 'PiTminalis in a 

Wh«Mi cold is jijpplifd (s*h' .sijrnaJ) tin- S.A, rhyUini .sJiivvh ; ;if thf IinJi i^yclr llu-n' is (‘srapc of Ihr A.V. 
rnwl.-, tlKMjirli rh.- jnjriclr. :iln-a«Jy in systol**, «l«»-s imt i.r. Ilii> jHiticIt; n*s|Miiuls to llir. 

iiiijiulsf freiii the S.A. riodr, lad thr v»*ntrirlr ri*s|«Mids i)n‘iii:itiin‘ly to lli*' A,V. ii()d;il iinpiiisfr (the 
1’ |{ itdcrx.il in ri-din rd to 0-nid .s<*<*ond). Subsotpiciil <‘yrji*s show I'ljlly < .'if.-ihli.shcd A.\', riivrhii). 
'I'hf MUhrl(r is I’cprosoidod in the r-h rtr<»rardio^raiii h\ a iiiimin^ di|> (invi il»*d |» vvuvo) proci-diiiff tli»; 
upstrokr. ol R. riH! C- li iidiTvjil is now OMnin-d to (h» 27 .si rotnl, and tin- intci vjd hfbvtu n Hurir.nlar 
and vi-ntrimlar ((mtracTion nMluord ulinost to nothin':: thi* two rhandn-rs aro lonfntotlntr simnl- 
tiinc'ni.sly. 'Clji- anrhado-vt-ntrieular intrrval (iippor row of fly!iiri-.s; and C-15 in(« t val (lowor row 
of li«un-s) an- s:ivcn in decimals (d a second. Tinn‘ marker (i-ii second (cl', l-’i}.;. I inli). (l.cwis, 
Mt'rhatnxm ond Ornphir Hn/ixtratlon of Heart Heat.) 


(1) If the S.A. node is destroyed or cooled, while the A.V. node is warmed, 
or if the right vagus is stimulated to depress the S.A. node and at the same 
time the left sympathetic is stimulated to heighten the excitability of the 
A.V. node, it is found that the A.V, node becomes the dominating centre. 
The impulse passes from this node at the same time to both auricles and 
ventricles, and the two chambers contract simultaneously. The B-R interval 
is greatly diminished ; the P wave is inverted or is buried in the substance of 
the R wave (Fig. Ib5). In clinical records any reduction of the P -R interval 
below normal limits suggests that the impulse is arising in the region of the 
A.V. node. In view of the great structural resemblance between the S.A, and 
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A.V. nodes, it is not surprising to find that the A.V. node is possessed of such 
a high degree (»f rliytlirnicdty. 

(2) If th(‘, ventricles are suddenly cut off from the auricles, they niav 
remain (piiescent for a time as already explained (]). 284) ; they then resume 
hejiting, at lirst slowly and tlien more rupidly. If the vejitricles are graduallv 
<iissoeiated from the auricles, the new rhythm attains its full rate very soon. 
The ventricular impulses now' arise in the bundle of His just t)(‘low' the site 
of t]i(‘ injury so that the waves representing ventricular invasion (QH8) 
arc of normal form (Fig. 102). This idioventricular rhythm is not controlh'd 
by the vagus. 

(3) Occasional spontaneous beats may arise anyw'here in the substance 
of the auricles or ventricles. True rhythmic function—the ability to initiate 




I'k;. Am iriilai- Kxirasyslolc. iSiiiiultamtous IlaOial, and Klcctnu anlio- 

‘iiMpliK Cmvcw ilhist.ratinsj: Auricular Extrasystolcs in a Patient, ainl a l)ia«j:rMin 
n‘]ii‘.‘srnl I hr l)isturlH'<l Mrihaiiism (irl. Fi^. I+OU). 

Ihc ihir.l Idjit is tin- pn'iiiiilmr one: tlu^ I’ waw is iiiviTt**'! jiml li»llt)\vs very rlosi-ly ilir iurmlinji 
r w.iM- ; Hu- succi iMliiiv^ vnitrifuJar •••miplcx is iiorniiil. 'I'iH-rr is a pn-iii.-itiirr pnls;itif>n al thr wrist. 
I’lir pn iiiMtiirc auriciil.-ir w.i\r n' pn rcilr.s in a. nonnal t'ashiun /•'. r'. \ pansr lonjrrr than ttn- normal 

fliaslulir piTiml ((»II«m\s Uu- pri niatiiir ln-at in this ra.sr. As, Vs aiiiii-ular aiul ventricular s.\sl«)|c. 
» i.ewis. Mn'haiiis-m mui ilntphiv Itfijislrtitiott of lO-tni lifat.) 


and maintain the heart beat over prolonged periods—is tmly present in the 
iKxhvs a,nd the junctional tissues. 

Ectopic (Premature) Beats (Extra-Systoles.) — (1) Auricular. —If the 
auricle is stimulated during diastole after its refractory period has passed, 
it resj)Oiids with a 'premature contraction. An impulse is transmitted to the 
ventricles, which contract too. The rate of recovery of the bundle is slower 
than that of the other parts of the heart, so that if an impulse reaches it 
prematurely, conduction along it is delayed ; the P-R interval, therefore, is 
prolonged. 'Fhe P wave shows a degree of abnormality which is greater the 
farther the slimulus is apj)Iied away from the 8.A. node, Ixicause (cf. p. 245) 
the height and direction of the P wave are an indication of the way in 
w'hicli the excitation process has spread over the auricles. The P wave may 
thus be inverted, isoelectric, or abnormal in the details of its configuration. 
The ventricular complex, QRST, is normal. The next auricular impulse 
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arising; in the S.A. node appears after a pause equal to the normal 
diastolic period or a little in excess of it (Fig. MUi). 

(2) VENTKicur.AU. Jf th(* re.HtrirIr is stiinuhited after the. refnietory 
period has passed, ij:, after t.lie end of systole, it responds f)y contracting. 
As the ventriede ()i>oys the “ all-or-nonc " law, it responds to the maximum of 
its ability if the sti?]iulus is adc(|uate. The actual force of the contraction 
depends on the extent to which the ventricles have recovered from their 
previous contraction, and the degree of filling which has taken place. If the 



Fic;. 107. Ventricular Extrasystolc. SimultanooiiH Vonoua, Pndial, and Eleetrocardin- 
graphic (Curves from a Putieiit, showing an Extrasystoic arising in the \'entricl(‘. 

'I'Jm! <]i:i'jraiii Jh-Iow tla* liyuo* flu- of tfn- iniiit ilurin;; (hr prrioil of Oh- 

A*.. V" iiiirintliir iiml vt'iilrM'iil.'ir svsroli'. 

TIh‘ |>r« iti)itiir(- v< iini< ul:ir coniplcx i» ;ihiioriii:il in fiuir.n tiT ; flu- I’ \v;i\i- is Itinicil in. in>li‘,i(| of |it< ■ 
(‘olin^, fin* viiitri<'iiliir coiiiplfx. Siiiiil.-irl.N llii* r' ua\r i- pmiuifuii- iunl pr(*(rili< tin; n \\mm-. 
'J’ln- i»uiis<‘ followiim tin* pn'iiintiin* ln’at i^ flinii inii'iiiiil (roiii|n*ii>ntoiy ) ; tin- uuririiliii 

rhythiii is lltnlinliirhrii. ( l.rwis, \h't'h(Vnis$n om! friiiithir JirtfisftftHoii nf ifi'tn't Hi'tft.) 


ventricle is stimulated early in diastole, the contraction it gives is feeble and 
may be insufficient to open the semilunar valves. The premature beat then only 
gives rise to the first heart sound and is not accompanied by arterial pulsa¬ 
tion at the wrist. If the premature contraction occurs later in diastole, the 
ventricle may contract sufficiently forcibly to discharge its contents. As the 
ventricle has not had time to become completely filled, the output during 
this premature beat is less than normal, and the pulsation felt at the wrist 
is small (Fig. Pw). 

Following the extrasystolc there is a long pause {compensatory pause). 
The duration of the “ extrasystolic ” cycle and the “ returning cycle (i.e. 
the cycle following on the premature contraction) is equal to two normal 
cycles. The reason for this compensatory pause is simple. The normal 





Kt’TOl’IC VKNTKICULAR REA'I'S 




auricular impulse wbich follows the cxtrasystole finds the ventricles in a re¬ 
fractory condition, and no response is obtained. The ventricles must tliercfore 
wait for the succeedimj auricular impulse before contracting (Fig. 107). 

Iurc.s.—The chH-trical record of tlic ectopic beat 
shows an abnormal ventricular complex which is not ])r(‘C(?de.d bv a V wave : 
the next r wave is g(‘neraily ‘’buried'* within this ventriciilar complex 
(Fig. 107). Tin* excit.ation process which arises in the new focus sj)reads 
rjidially over the surface of the ventricular muscle in all din;ctions ; it also 
penetrates the ventricular wall to reach the endocardium and so invade the 
s|.>ecialized Purkinje tissue wliieh transmits the excitation process raj)idly 



5TIM.AT I STIM.AT 10 STIM. AT 4 STIM. AT 3 



1T(;. IGS. -Kh>(trocardio.i;ra|>tiic Ilccortts <»1' Eotopio Vj*ntrieuhir Boats <lirootly 

poiducod in Man. 

'J'lir auli'iior vifAVf>r )i<'art slums tin* ]naiits whirli wi-n' stiiniilaii'il on llio surtiicr of Mk'. vrntrirlr.s; 

.1. :> an- on llic Irlt. ventricle, llu' <»tliers :ir.- t>n lli'- v«-nlrie|e. 

Tin* eleeiroi-anliourains ;ir«' fioni r,ej«ls 1 aini III tal>i-n .''iiniiltaneon-,ly. and .show (he curvesresidtinj' 
Iroiii stiinnlatum of jKiInts I, lu, I, and :.C .Viter Uarker, Macd.eod, and Alexander, Ann-r. 
llf‘urt J., . 5.1 

over its own side of the heart. The same clnitiges occur later in the contra¬ 
lateral ventricle. As tljo time taken for tlie extutation }>roccs.s to aflect the 
whole of })()th ventricles is ])rolong(*d the QR8 will exceed (M2 second in 
duration ; as tlie pattern of invasion is ahnorinal the de(le<;tions of the (jRS 
will be abnormal in appearance. B(‘oaii.se of the dtday in invasion the })attern 
of repolarizatioii will be altered ; the rt'gions which were excited first may 
begin to repolarize before other regions have been fully invaded. (Jonsecpiently 
the 8T segment and T wave may Im^ alt(u-ed ; then*, is no isoehictric portion 
of the ST segment ; tin* T w’ave tak<*s oil from a hivel above or below tlie 
isoelectric line and usually has a direction 0 ])]»o.sit(i to that of the main wave 
of the QRS complex. 

TTioiigh the electric,al record enables an (‘ctojiic lead fo be diagnosed as 
ventricular in origin it is diflicnlt to determine from the record tlui specific 
region in the a entricle where the beat has arisen. Some guidance is obtained 
10 
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from a study of the records produced by stiimilating specific points on the 
human heart exposed at operation. The fact that the heart is exposed means 
that these reconls will not be identical with those produced by extrasystoles 
of similar sit<‘ of orij^in with the chest closed. Some representative results 
are shown in IhS. Four «i:rouf)s of reactions wei'c obtaijied, 

(i) From the anterior surface of the right ventricle (points 4, o, 6, 7, 8, 9): 
the chief initial detiection is upwards in Lead I and downwards in Lead 111. 

(ii) From the conus region of the right ventricle (point 10): the chief 
initial deticctious are upwards in all three leads. 

(iii) From the left V(uitriclc near the left auricular af)pendag(* (point 1); 
the chief initial delh'ction is downwards in Jjcad 1 and upwards in Lead ITT. 

(iv) From all other ])oints o]i the left ventricle (j)oints 2, 3, and tln^ posterior 
surface): the chief initial dellections are downwards iji all three leads. 

Right ventricular e.\t rasystolcs thus always gaN'(‘. an initial U]>ward 
deilection (R') in Lead I.: left ventricular extrasystolc'S always gave an 
initial downward d(‘lle,(!tiou (S') in Jiead 1. 

Paroxysmal Tachycardia.— In this condition the heart may suddenly 
accelerate to 150 or 200 per minute. The new “ pacemaker ” may be situated 
in the auricle or in the ventricle (giving rise to auricular or ventricular 
tachycardia respectively). In one case studied, the output per minute fell 
from the normal level in that subject of 5*6 litres to 2*5 litres, and the output 
j)er beat from 77 c.c. t(» about 15 c.c.‘ This example illustrates how a very 
rapid pulse rate at rest may crip[>le t he cinnilation. Diastole is too brit^f to 
allow prop(^r iilling of the heart, so that eadi beat only diseliarges a small 
amount of blood. The rest j)eriod is V4‘ry short, the lieart fatigues, and signs 
of In^art failure ultimately appear. 

Response of Auricles to Rapid Stimulation. As the frecpieriey of 
stimulation of the auri(‘h‘s (dog) is increased the following s(Mjuence of events 
takes place : 

(1) With rates up to 2iM) per minute tin* auricles respond regularly with 
contractions of uniform size ; a ,simpU' auricnlnr larhifcaniin is thus set up. 

(2) When the auriel(‘s are stinnilated at 21K) 3S() j)er minute, a condition 
calb*<l the yailialhj refractory ,sf.ate develojis. By this is meant that at any 
given moment some auricular muscle fibres are responsive, while adjacjent 
fibres an^ refractory. In n^sponse to eaeli stimulus at this rate some groups 
of fibres react and oblnu’s fail to n^spond. If a hirg<; part of tin; aurich*s 
responds, a big beat is obtained ; when a. small area reacts, a small beat 
results. The fibres which respond at one b(‘.at are not sufficiently recovered 
and fail to react to the succeeding stimulus, so that alternate large and small 
contractions result. 

As the refractory period of the ventricles is longer than that of the 
auricles, they devedop a 2 : 1 response when stimulation occurs at 350 pin* 
minute. The A.V. node cannot transmit more than 270 im]mlses per minute. 

(3) With still more rapid rates of stimulation, e,q, 380-150 per minute, or 
over, the length of the refractory period of the auricular muscle is increased, 
and is longer than the inferml between siuveMing stimuli, A state of 2:1 response 

^ Barcroft, f/puri, 1922, .9, 419. 

^ For (iiscussioti of this coiulition, auricular flutter and auricadar fil>rniatioii, see Lewis, 
fh'if. 7np.d. ./., 1921, 7, 551, 5JM). Lewis and associates, tfemt, 1920, 7, 191, 247, 293 ; 1921, 
A, 141, 103, 311 ; 1922, .9, 55, 207. 
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of tlie aurioles I-Immi results, i.f\ every other stiiniiliis finds the iiiiricles in a 
eompletely refractory state, and so a. contraction results from alternate 
stimuli only. 

Efficient conrkw.twn in the auricles depeiuls on tluj ejrcifation jtroress meeting 
respfmsive fyissue which can frammit the impulse farther. When the auricles 
are stiniulat(?(l at rat(‘,s, conduction in the auricles is slowed ; considerable 
areas of the nuriciilar wall may l)e in a refractory state when the. excitation 
ju'ocess reaches tlnmi. These burn areas of obstruction, nnd the impulse instead 
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Pia. 169. 


UecEa Link (1-4). 

Diagram illustrating Progress of Single Wave passing throiigli a Ring of Mnsele as 
a result nf stimulating it at point marked l\y Electrodes (.\). Black portion of ring 
represents refractory state. 

Lower Line (1-5)- 

Diagram to illustrate the Establishment of a Circus Movement in a Ring of Muscle. The 
ling is stimulated at A and the wave spreads to (.) and D. At C it is blocked, but 
from J!) it c.ontinucs round the ring. WJien it arrives at C, the refractory state has 
passed off and so il. continues to travel round th<; circle. (Lewis.) 

of flowing smoothly must wind about im^gularly to s(3ek out portions of tissue 
which have recovered. The rate of conduction in the auricles when they are 
stimulated at high rates may fall to 500 mm. per second (normal=1000 mm.). 

Following brief stimulation at these very high rates, auricular flutter or 
auricular fibrillation may set in (p. 292). 

Circus Movement.—If a ring of muscle is taken, and a point upon it, 
A (Fig. 169, upper line), is stimulated, a wave of excitation develops which 
spreads equally in both directions till it reaches the opposite side of the ring 
at B. While the muscle is in the grip of the excitation process, it is completely 
refractory, so when the crests of the excitation waves reach the point B, they 
are faced by unresponsive tissue, and can proceed no farther. The wave of 
excitation is thus arrested, and the active state gradually passes off from the 
whole ring of muscle. 
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If the rate of stimulation is increased, we have already learnt (p. 290) 
that at a certain critical rate, just before 2 : 1 resf)()uses are obtained, a 
condition called the partially nifractoiy state develops. Certain parts of 
the iniiscle liave fully regained tlieir responsiveness, others are still refractory 
when each stimulus falls (ui the muscle. In the case of a ring of muscle 
(Fig. 169, lower line), let the point A be stimulated so that it responds and 
an impulse spreads out from it. At, C, let it be su])])oscd that it finds itself 
faced by an area which has not recovered suMiciently ; the impulse in this 
locality is consequently extinguished. Th(‘. region D, however, happens to b(? 

responsive ; the impulse will therefore^ spread 
^ in that one direction only. If conditions 

/ \ f \ happen to be suitable, it finds responsive 

r (i^ J 5^^ \ before it, and travels on as a single- 

/ ' 12 \ crested wave right round the ring. When 

\ I point C is reached (which was refractory 

I /* / found to be responsive, and so 

j // 3^^ / wave travels on to the original starting- 

( ' * ' J point too has recovered from 

A refractory condition, and so a fresh cycle 

\ r>i begins. The wave of excitation can thus go 

on circulating round the ring for minutes or 
'"‘'g" hours. The term circuH movement is used 

X 1 A • 1 describe the wave which travels continu- 

‘riuttci^'^oSe'oruogv roun*! and round in one direction (Fig. 

auricles, showing the supposed 169, lower line). 

paths of the <\\citation w^avo To establish a circus movement the 
(broken lines) during auricular following conditions must be fulfilled : 

the order in which the various W area of refnictormess must be 
parts of the musculature were present to prevent the passag(i of the impulsi*, 
thouglit to receive the ex- in one direction. 

citation wave. (Lewis.) 'p}j^ Originally refractory area must 

have recovered wdien the excitation process reacdies it for the second tinu?. 

Acc.ording to Jicwis a (urcus movement in the auricles is responsilih*. for 
auricular fibrillation and flutter ; this view has, however, been r(*fiited by 
recent work. 

Auricular Flutter.—In this clinical condition the auricles bent at 230 - 


Flo. 170.—Experimental Auricular 
Flutter. Outline of dog’s 
auricles, showing the supposed 
paths of the <\\citation wave 
(broken lines) during auricular 
tlutter. The numbers indicate 
the order in which the various 
parts of the musculature w^ere 
thouglit to receive the ex¬ 
citation wave. (Lewis.) 


350 tiuHiS per minute with c.onsiderabli? regularity and for prolonged periods. 
The bundle of His cannot transmit impulses at siicli high fnitpiencies ; the 
ventricular rate is generally half or even a quarte.r of the auricular rate and 
shows a regular or an irregular rhythm. 

Auricular llutter can be ]>roduce,d experimentally in the following manner. 
The auricles are stimulated by induction shocks at 3(^) -600 times a minute. 
For a few seconds the auricles respond very ra})idly. The stimuli arc then 
withdrawn. Instead of resuming their original rate, tlie auricles may continiui 
to beat rapidly, but not at the rate at which tluj induction shocks had been 
thrown in. According to Lewis a circus movement havS been set up which 
travels continuously round a ring of auricular tissue, e.g. the tissue joining the 
openings of the inferior and superior vena) cava) (Fig. 170). Instead of the 
auricles being stimulated, as normally, from a single point, the si no-auricular 
node, there is a sort of circulating centre of impulse formation. As the wave 



A URICIJLAR FIRRII.LATION 




tnivds roinici tlio riii", the excitation process spreads out from tlie riiijr to 
activate t-he outlying ])arts of the auricular muscle. The aiiriches contract 
once, (‘ach time the wave (;om|)letes one circuit of the ring. 

Experimental re-examination of th<i ((iiestion has shown, how<‘ver, that 
a circus mov(unent is not set up. Auricular llutt(*r is simply a high grade 
auricular tachycardia, the impulses being set up at high frequency (usually 
2,‘10 350 ]M?r minute) from a single ectopic*, focus. 



IlNIicrimrnl oji a Do*:; clu'sl open. 

Krroids I'roiii «lowii\var<l>; : (‘ontrnctirm of ;uir'n’lcs, (tf vt iiiricIrN. carolid ])nlst‘, tiiu*- 

it\ siTomls. 

hiirititr the lirsi part ol llir rcc.oril tin- aiirir1r.s iin- in a sIjiU- uI‘ llhrilliitioii (liin' irrcculiir ns.cillMtioii in 
(liastolii-{lositiiMi) ; lli<’iu*;il of the \M*i»t.ric.'b*s i.s I'oniplrtrly irrrmilar In Idn^-and ratr. ; (In- candid 
]Mi].sr is also coiujdctcly irregular. 

At the arrow, regular auricular coiitraclions .‘^pontaiu-oii.sly rctunicfl ; tin- Muilriclcs rcspoiul regularly 
to tlu! aurieiilnr heats, and the carotid pulse likewise Ijcroiuc.s regular. (Hedrawn from l.«*\vi.s. 
Mf‘cf/((nisni and lU'i/i strut inn of Ueurt HniL Ih2r>.) 

Auricular Fibrillation. This eondititm can hti iiiductid cx[>crimeiitJilly 
by ti iinsient electrical stimuhititiu of the auricles (at 3()0-f)(K) times per minute) 
or by local ajiplication of aconitine. High speed colour lilnis of tin* auricles in 
tJie dog have Ixmmi taken at 2(.K.)0 frames jter .second and late.r ])roj(*-cted at 8 
frames per second ; the t'vents of one second in tin* aurich* unfold themselves 
in 1 miniitt‘s on the scn?en. A maguiheation of bXbfold is simultaneously 
obtained.^ These nu’ords show that in auricular fibrillation, two types of 
muscular activity occur : 

(i) Moderately irregular contractions, visible to tlu^ nakt^d eyt*, repeated 
at a rate of 4(K)-r)CK) per minute and not uniform in stnuigth. These art^ 
shown in Eig. 171 ; they are associated witli small irn^gular, electrical oscil¬ 
lations labelled/,/(Fig. 172), which re])lace the wav(?. There is no evidence 
of a circus movement. 

^ l*riiizrnctal ei aL, Circulation, lUfiO, Y, 241 ; J, Amcr. mcd. Anffuc., JUf)!, HO, 1275. 
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(ii) Much smaller, very irregular, contractions occuring at very high speeds. 
Frequencies of 800-10(X) per minute are recorded by direct leads ; more 
sensitive methods are claimed to record oscillations at frequencies up to 
40,000 per minute. These excursions are rightly called minute or “ M ” ; by 
contrast, and only by contrast, the tiny excursions referred to in (i) are called 
‘‘ L '' (large). 

As ill flutter, so in fibrillation, the A.V. bundle does not transmit all the 
inifiiilses reaching it. The ventricular rat<‘ is nmch less than that of the 
auricles (c. 7 . only 130 per minute), and Iln‘ beats are coinjdetely irregular and 
bear no constant relationship to one another. Tin* beats may simihirly be. 
large or small, depending on how imndi Idood is [)resent in the left ventricle 
at tin* beginning of* each systole. This rapid irregularity greatly interfer(^s 
witli the output per niinute, which falls to l<‘ss than 1 litres, and each beat 
of the heart discharges only 30 10 c.c. Auricular fibrillation commonly 



Fi<}. 172. Auricular Fibrillation in Man. 

SimuliaiifoiiM Hocords of Juuular V’f'iious rmrin^, Uadial Curve and Elfctror.'irdiojrrain (I.f*ad II). 

The P waves are replaced by .small irregular os(dllatioii.s (f, f). 'I’he ventricular complexes are of 
Bupraveutrieular origin and occur at complendy irregular intervals (note intervals between 
II waves). 

The radial curve displays the gross pulse irregularity. No a waves are present in tlie jugular curve. 

(Lewis, AJeeftanUm and Graphic Registration of Heart Heat.) 

develops in subjects with mitral stenosis, in severe hyjierthyroidisni and in 
degenerativt* statt*s of the myocardium. 

Typical graphic records from a case of clinical auricular fibrillation are 
shown in Fig. 172. 

Ventricular Fibrillation may be produced as follows : 

(i) Application of a strong constant or faradic current to the ventricles. 

(ii) Ligation of a coronary artery (cf. p. 238). 

(iii) Administration of toxic substances, including excessive doses of 
digitalis. 

(iv) When low percentages of chloroform vapour are inhaled, the irritability 
of the ventricles is enhanced to a precarious degree. Injections of minute 
(loses of adrenaline, stimulation of a sensory nerve, or some incon* 
s|)icuous and unnoticed influence, or even a fresh dose of stronger vapour, 
may precipitate fibrillation.^ 

(v) Not infrequently following simultaneous division of both sinus and 
aortic nerves. 

Sequence op Events. —(i) Ventricular extrasystoles arise in one or 
many foci, (ii) Rapid, almost regular, small undulations of the ventricles occur. 

^ I.((‘v\v, J/earf, Ml 13, •/, ‘MU. 
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(iii) Fibrillation sets in, and co-ordinated contractions of the heart fibres 
cease. The heart dilates and the blood pressure falls to zero. On inspection 
the ventricles display minute quivering movements ; one area is contracted 
while an adjacent one is relaxed. The electrocardiogram shows large irregular 
oscillations. 

Clinically, fibrillation of the ventricles has been recorded in the dying 
heart. The earlier stages (i) and (ii) have been recovered from. Ventricular 
fibrillation is the mechanism of sudden and unexpected death, preceded by 
loss of pulse, pallor passing to cyanosis, and a few gasping respirations. 


hp:art failure, circulation in valvular disease * 

Heart Failure. —The efficiency of the heart in maintaining an adequate 
circulation is best judged from the patient’s symptoms, the results of routine 
clinical examination, and most important of all, by the response of the patient 
to various degrees of exertion. An inadequate blood siip])ly to the heart 
muscle manifests itself in pain on exertion (p. 750). Failure of the left ventricle 
leads to a fall of arterial blood pressure and decreased blood flow to the 
principal organs, especially the brain and kidney, with the expected results 
(p. 450); if the right ventricle continues to beat normally, engorgement and 
oedema of the lungs results (p. 1 lb). Failure of the left auricle leads to its en¬ 
largement and to obstruction to the outflow from the lungs, again with 
resulting pulmonary congestion and oedema. These lung changes lead to a 
decrease in the vital capacity (p. ^63). 

Failure of the right ventricle hjads to engorgement of the right auricle with 
resulting rise of general venous pressure (p. 519), swelling of the liver, oedema 
(p. Ill), and serous effusions into the peritoneum or pleura. Cyanosis and 
dyspnoea are very common manifestations of heart failure, which are 
fully discussed on pp. 451 and IbO. (These references should be carefully 
consulted.) 

Determinations of the circulation time (p. 202) confirm but generally add 
little to the results of clinical examination. Determinations of cardiac output 
in heart failure have yielded little information of us(*. It must be remembered 
that the cardiac output methods available in man really measure the 
blood flow, which equals the right (and normally also the left) ventricular 
output. In left-sided valvular disease (c.r/. aortic incompetence, mitral in¬ 
competence) the cardiac output as determined by the Fick method (p. 278) is 
a measure of the right ventricular output and therefore of the venous return 
and of the actual blood flow to the tissues {i,e. the “ peripheral blood flow ”) ; 
it thus measures the nei output of the left ventricle into the arteries and not 
the custiuil output. The size of the heart as determined by X-ray examination 
is a better index of the stroke volume in these valvular disorders. It is dis¬ 
appointing moreover to find little relationship between the peripheral blood 
flow (i.e. the cardiac output as measured by the usual techniques) and the 
state of the circulation as judged clinically. The cardiac output may be 
apparently unreduced when clinically circulatory failure is manifest; no 
explanation is available for this strange discrepancy. 

1 L<;wia, Diseases of Heart, 4t/h edn., Ixmdon, 1946, Fislilwrg, Heart Failnre, 2rid edri., 
1940, 
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The significance of electrocardiographic records is considered on pp. 2ol 
el seq. and 282 et seq. 

Experimental Mitral Incompetence. —In experimental mitral lesions, 
little if any regurgitation into the auricle occurs during the isometric con- 
traction phase of the ventricular systole. This is due to the shortness of 
this pliasc (O'Oo se(*oiid), and also lo th<i fact that hift intraventricular pressure 
during this phase of tlu* cycle is relatively low, ranging up from a few nim. 
Hg to only 60 mm. Hg (Fig. 173). 

The principal backflow occurs during the ejedion jdiase (when left ven¬ 
tricular pressure is very high), and it continues for O-OS second into diastole. 
The intraventricular pressure then falls below the intra-auricular, and the. 
auriculo-ventricular (A.V.) valves open. The auricular volume and pressure 
increase markedly throughout the period of regurgitation. Because of the 
regurgitation, the systolic discharge of the left ventricle into the aorta is at 




Lesion produced 


./vaaaaIi 

0 02 Sec. 




Fig. 173. —Simultaneous Records of Auricular (upper) and Ventricular (lower) Pressure 
Changes in Experimental Mitral Incompetence. 

AAuricular systole; BCs= Second positive wave in auricle and isometric ventricular contraction 
CD=Ejection phase of ventricle ; E—Closure of aortic valves ; KF—Isometric ventricular relaxa¬ 
tion. At ♦ mitral incompetence produced. Note tliat AB, BC, in auricular record are little altere<l. 
During ventrieular ejection, CD, auricular presmre is markedly raised by reguryUaiing blood. Jla- 
gurRitatiOM continues thrnuRii early part of diastole. I'inie in 0 02 second. (WiRRers and Feil, 
Heart.) 


first reduced. The initial result, therefore, of an experimental mitral regurgita¬ 
tion is that the systolic and diastolic blood pressure fall and the pulse jirtissure 
is decreased. Compensation, however, is soon effected. 

When the A.V. valves open, the left auricle, which is engorged with blood 
(which has come from the right heart and also through the mitral leak from 
the left ventricle), discharges an im'^remed volume into the left ventriiile. 
This results in greater initial length of the ventricular fibres and more forcible 
contraction. Some of the ventricular blood regurgitates into the left auricle, 
but enough is pumped into the systemic arteries to maintain an adequate 
circulation. 

The augmented volume of blood in the left auricle is accommodated by 
expansion of the left auricle and pulmonary veins. When the heart is well 
comjicnsated the pr(*.ssure in tin? pulmonary bed only rises temporarily during 
the ventricular ejection phase when regurgitation is occurring. 

Disease of Mitral Valves. —Clinically, mitral valvular disease almost 
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invariably leads to the occurrence ol* both incompetence and stenosis of the 
valve orifice. Stenosis interfe^res with the outflow of the blood from the 
I(‘ft auricle, both during the passive outflow which occurs early in diastole 
and the active outflow resulting from auricular systole (p. 25^). Incom- 
[)cterice leads to regurgitation of blood from the l(*i*t ventricle into the left 
auricle during ventricular systole as described above. "I’hci left auri(;le is 
therefore overdistended during diastole when it rec(iives its normal inflow 
from the pulmonary circuit. The greater stretch of the inusch^ fibres leads 
as usual to gniater force of contraction ; a larger voliiiuf* of blood (both 
that which has regurgitatcid and that which has newly arrived) is discharged 
into the ventricle. When compensation is perfect enough extra blood is 
sent into the left ventricle to make up for the volume wdiich regurgitates ; the 
actual ventricular outflow into the arterial systcun is at tliis stage undijninished 
although at the expense of greater ventricular effort. If the stenosis becomes 
more severe, ventricular filling may be diminislnHl and the output into the 
aorta is rcduc<Ml. If regurgitation Ixicornes vt'rv fn^<‘, a. large fraction of 
the ventricular inflow leaks 


l)ack into th('. auricle and 
again the flow into the 
arterial system suffers. As 
compensation fails there is 
increasing dilatation of 
the left auricle with the 
consequences detailed on 
p. 'lC(k If auricular fibril¬ 
lation sets in the co¬ 
ordinated contraction of 
the auricles ceases and 
the ventricles can only fill 
passively in diastole when 
the auricular pressure ex¬ 
ceeds that in the ven¬ 
tricles. The rapid irregular 
contractions of the ven¬ 
tricles interfere further 



Fig. 171. — Heart Sounds in Aortic Jlegurgitation. 
(Braun-.Meiiciidez and Orias, Heart Sounds in Health 
and JHsease, J^ondon, 


llectmlH from above downw arils arc: elei’t-rocardioKrarn; heart 
sounds (l=l8t sountl, li-liiul sound, S=^aortic diastolic 
murmur); apex beat juilsations (Ap.B.). 


with the cardiac output 

which is seriously diminisheil. [For electrocardiographic changes, see 
Fig. 147, A, and p. 247 ; heart sounds, p. 2(>7 and fotdJiote.] 

Aortic Regurgitation. —In this coiidition some of the left ventricular 
output leaks back during diastole from tin? aorta into the vtmtrich? ; a 
characteristic diastolic murmur is set up (Fig. 174). 'fhe left ventricle is 
simultaneously being normally filled from the left auricle ; at the end of 
diastole the ventricle is excessively distended, the muscle fibres are more 
stretched and accordingly the force of contraction is increased ; the out})ut 
f)er beat correspondingly rises. The chronic overwork of the left ventricle 
gradually leads to hypertrophy of its fibres (p. 277). Owing to the raised 
output the systolic blood pressure is high (up to 180 mm. Hg). If com¬ 
pensation is perfect the net ventricular output, i.e. the blood supply to the 
tissues (“ peripheral blood flow ”) is undimiuished ; to acconijffish this end 
the output of the left ventricle per beat has to be increased by a volume 
lo* 
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(»f 1)]<mh1 ecjuui to that which regurgitates during each diastole back again 
into the ventricle (so-called shunt blood), and which, of course, never passes 
to the periphery. The diastolic pressure is low (and the pulse pressure 
therefore raised) ; this is mainly due to the leak back into the ventricle. 
It is also suggested thuf the large cardiac output may set U|) an exaggerated 
siiKJ-aortic rell(‘X at the iudght of systole with resulting marked transient 
arteriolar dilatation, 'rids r('H(*x leads to a rapid es{‘a])e of l>lood from the 
arterioles into the capillaries ; it also contributes to the collapse of the ])ulse 
(infra). 

(hiscs of arterio-venous aneurysm, i,e. where there is a large abnormal com¬ 
munication between an artery and a vein, present many of the arterial 
phenomena of aortic regurgitation. In both conditions blood leaks out of 
the arteries by other than the natural pores provided by the capillaries. 
Certain differences are naturally to be expected, because in aortic regurgitation 
the leak is confined to diastole and in the aneurysm the leak occurs through¬ 
out the cardiac cycle. The fcdlowing arterial phenomena are common to 
both conditions and are abolished by closing the anastomosis in arterio- 
v(mous aneurysm ; they are therefore due to the abnormal leak whhsh is 
pn'sent : 

(i) Low diastolic jircssurc (su]ua). 

(ii) “ Water hatnme.r ’’ character of the pulse, i,e. a sudden impact is felt 
by the palpating hand. This sensation is due to the rapid upstroke in the 
initial jjhase of the primary wave, which may also be of greater amplitude 
than Jiormal. The phenomenon is much exaggerated by holding up the arm 
vertically. 

Time from Beginning of Upstroke to Half-way Point. 

Horizontal position of arm . Normal, 0-039 sec. Aort. Reg., 0-027 sec. 

Vertical position of arm . Normal, 0-045 sec. Aort. Reg., 0-017 sec. 

The speedy ascent is due to the abnormally low diastolic pressure. 
As ventricular ejection meets with very little resistance, the blood leaves the 
ventri(jle very rapidly, and the aortic pressure rises with abnormal speed. 
Visible pulsation in the arteries of the neck is due to the same reason, t.e. 
sudden distension of the underfilled vessels. 

(iii) Collapse of the l*ulse. —After the sudden impact just described, the 
pulse rapidly falls away. Part of the fall occurs during systole (when no 
regurgitation is occurring), ?.e. it precedes the dicrotic notch ; this is attri¬ 
buted to a reflex vasodilatation of the peripheral arterioles (cf. p. 261). 
There is also a steep fall which follows the dicrotic notch and therefore occurs 
during diastole ; this is due to the reflux of blood which is then occurring 
into the ventricle. 

A case showing all the arterial signs enumerated above is described by 
Lewis as one of “ free ” aortic regurgitation. The degree of leak must be 
equal to that present in arterio-venous aneurysm when the same arterial 
phenomena are present. The leak, it is found, may equal or exceed 50% of 
the total cardiac output. 

Bloofl Pressure in Leg and Arm, —In aortic regurgitfition there is hyper* 
tonus of the wails of the main leg arteries, which diminishes the lumen of 
these vessels and so keeps the blood out of the dependent parts. When the 
blood pressure is determined with the subject in the horizontal position, the 
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apparent systolic pressure is higher in the leg than in the arm as the spasm 
of the wall of the leg vessels must be overcome before obliteration of tlu; 
vessel can begin. If the limb is warmed the hypertonus di8a])pears, and 
the systolic pressure readings in leg and arm become the same. 

Capillary pulsation is present in aortic regurgitation, and is seen 
as a rhythmic expan¬ 
sion of the capillary 

loops with each beat OPERATION 

of the heart; the I 

pulsation affects the < ^ 14 - iBi ~ 

minute skin venules, S iq 12 - H j - 

too. Capillary pulsa- ^ < 10 - H ‘nn ra 

tion is a physiological 5 ^ 8 - H !|| H « 

phenomenon and oc- g -iiii. , , i . , , , , 0 - 

curs in the skin and i 

mucous membranes | ^ ^ ^ j n ~ 

whenever the arteri- k v. 3 .Q _ [ ^ i _ 

oles are sufficiently ^ _ 'nl ^ « 

dilated, provided that ^ 2 0 - 00'11 ^ - 

the pulse pressure is § ^ H j || | i « 

normal and capillary u ^ I 0 -* H [ 11 ^ ^ - 

and venule tone is 5 "■ H ‘ i| I • ^ 

not increased. It is § — ti a. 'lM j — 1 — 1 —— 1 — 1 — 1 — 1 —U— 

to be commonly ob- 5 ^ 40 - ' ra- 

served in young people -I|| I 

at room temperatures I I" 

of 17°-20‘’ C., after ^ . ....i - i— - i. i . i... M 

soaking the hand in 300 - » - 

water at 45° C., and <0 ^ 13 ' 

in the facial flush ^^^200- ^-j 

produced by amyl | Ml 

pulsation should Mlili 1 1 i 1 1 1 1 1 i 

therefore be regarded 
as associated with 
dilated arterioles, 

vluch permit the J.,,. —Oirculatoi^’ Changes in Constrictive I’ericarditis 

pulse to reach the and the Kffoets of Pericardial Resection. (Stewart rind 

minute skin vessels, Houer, Arch, int. J/cd., 11)31). 63, 507.) 
rather than with any circulation time in seconds : a decrease In the time indicates increased 

particular morbid (’ardlar output ^ lu litres 7»er miuuh*. and c.r. per beat, 

condition. venous pressure In cm. H^O : a fall of pressure indicates decreased 

-r. u * 1 J 1. X j venous congestion. 

Iti SnOUlCi De noveo. initially there was raarketl enlarge me ut of the liver, 

that the regurgitant 

stream in aortic incompetence raises the intraventricular tension in diastole 
and thus impedes the Ailing of the left ventricle through the mitral orific(?. 
The filling of the emonary arteries is impaired because it normally occurs mainly 
during diastole and depends on the blood pressure during diastole which in 
aortic regurgitation is lowered. The nutrition of the heart muscle suflers, 
and dilatation results. 


lu 300 

5^^200 

100 


Fig. 175. —Circulatory Changes in Constrictive Pericarditis 
and the Effects of Pericardial Resection. (Stewart find 
Houer, Arch, int. J/cd., H)31). 63, 507.) 

Circulation time in seconds : a decrease in the time indicates increased 
cardiac output. 

(’ardiac output: in litres 7 »er miuub*. and c.c. 7 )(t beat. 

Venous pressure in cm. H^O : a fall of pressure indicates decreased 
venous congestion. 

Initially thfjro was raarketl eiilurgemeut of the livt;r. 
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RK(;iJLATT()N OF BLOOD PRESSURE 


The changes that take place in the circulation when failure of compensa¬ 
tion occurs ^ in aortic n'gurgitation arc tlisciissed on p. I <10. 

Constrictive Pericarditis. — This clinical condition (often called 
adherent pericardium) illustrates well the results of external mechanical inter¬ 
ference with the heart’s ac,tioii. The pericardium is thickened and iirmly 
adherent to the surface of the heart and to the mediastinal structures. This 
indistensihle casing interferes with diastolic filling of the heart; it likewise 
hampers the shortening of the muscle fibres during systole. The cardiac output 
is consequently reduced, the circidation time is prolongenl, and the venous 
pressure is raised (Fig. 175). Resection of the thickened pericardium leads to 
great circulatory amelioration. 


KKtUILATfON OF HLOOD PRESSURE.^ PERIPHERAL 
(UROlILATlOxN 

Th(i blood })ressure is the lateral pressure exerted on the walls of the 
vessels by tin? contained blood. The systolic, arterial pressure is the maximum 
jjressure in the arteritis during systtde ; the diastolic pressure is the lowest 
pressure during diastole. Tlui pulse pressure is the diflerencc between the 
diastolic and systolic pressure. 

Measurenient of Arterial Blood Pressure in Man. —The sphfymo- 
manometer is used ; th<i rubber bag (enclosed in an unyitdding (uiff) is fixed 
round the u]>per arm and connectetl with the pressure ])unip and a mercury 
or sf)ring manometer. The pnissure in the l)ag is ra[)i(lly raised to 200 mm. 
Hg to ol)lit(‘rate the brachial artery and to overcome any s])asm which may 
be j)res(Mif; the subsequent procf*dure dep<*nds on wdiether the palpatory or 
auscultatory method is being used. 

(i) Pal»*atc.)RY AIkthoi).—T he cuff pressure is lowered until tlui pulse can 
just be detected at the wrist. This is the ineasun* of the systolic pressure ; 
diastolixj pressure cannot be determined by this method. 

(ii) AascuLTAToiiY Methoi).—A stethoscope is placed over the brachial 
artery below the culf. The culf pressure, is lowcTod and a series of character¬ 
istic sounds is heard. 

First phase ; suddenly a clear sound is heard. The systolic blood pressure 
is the pressure at which the sound is first heard. The sound continues to be 
heard while the pressure is lowered by about another 15 mm. 

Second phase: the sound becomes murrnurish in character; it can be 
heard while the j)riissure is lowered by about another 15 mm. 

Third phase ; the murmur is replaced by a sound which becomes progres¬ 
sively louder and more “ banging ” in cliaracter during the next 20 mm. of 
fall of pressure. 

Fourth phase : the sound suddenly becomes soft and muffled. The point 
at which the sound begins to fade is' tlie accepted crittirion of the diastolic 
pressure, 

* Altsclnilo, .Medirlnr, 101^8. 77^ 75. 

- .Mel)«)W{iIl, Confrol of Circulaiion of Jilood, 1U.‘J8. Assoc. Res. iicrv. Tiiciil. Dis., 
(.Circulation of Brain and Spinal Cord, liKJS. Franklin, Bril. mad. ./., 1U5J, i, 1343, 1410, 



NORMAL ARTERIAL RLOOl) RRESSURE 


301 


Fifth phase: cessation of all sound. In many cases, liowever, total 
cessation of tlie sound does not occur. 


For clinical pur|jo.so.s, in addition to “casual” readings, it is important 
that basal readings slioul(l also be taken: the patient is at rest in the recumbent 
position or in the sitting position witli the artery at li(‘art level; readiinjs are 
rejteatcdhf taken until a steadif minimal level is ohfained. 

Normal Blood Pressure. —During childhood the systolic ju’essiire 
gradually increases. It ranges from 75 to 90 mm. Ifg during ndancy, from 90 
to 110 mrn. in childhood, and 100 to 120 inin. about ])uberty. The diastolic 
pressure ranges round 50 nirn. during the first biw years of life, and after tliat 
until j>uberty it remains fairly 


constant at 50 rnni. 

In adults the areraf/e ])orinal 
systolic pressure is usually stated 
to be about 125-150 mm. llg witli 
a range of 7J- 15, ij\ values b(‘tween ^ 
110 and 115 mm. are within the ^ 
range of the normal. In older § 
jjeophi it is between llO and 150 
mm. (Fig. 17G). ^ 

A study of over l0,n()U apf»ar- 
eaitly normal subjects of all ages, « 
in many cases for periods of 10 5 
years, has led to slightly diffiuent ^ 
conclusions.^ Tin* usual normal 
range of systoli(? pressun* was iin 
120 mm. Hg ; that of diastolic 
pressure was 00 80 mm. The 
’’mature” ])ressun* was reached in 
adolescence and did naf rise with 



BLOOD PRESSURE (mm.H3 ) 


age. The upper limits of normal j, 
systolic and diastolic ]»ressure w(*rc 
placed at 110 and 90 mm. respect- 
ively. Most clinicians regard a 
basal systolic blood ])res.siir(‘ which 
indicating a deviation from normal. 


. 17t). Oislrilnition of lilood iA'cssiirc 
(Systolic) in Nnrfnal IVoplc. (Alter 
IJurii, rror. rot/- 'Soc. lAv/,, 1!):}4, 1.“)). 

regularly exceeds 150 Ilf. 


The sgstolic pressure may tluctuate wdtJi jthysiological conditions sucli as 
exertion (p. 135), mental state, sleep, or meals. 

The diastolic jrressure is a measun*, of the peripheral resistam*e, and (h']>ends 
mainly on the tone of the arterioles. If is less subject to tetn|)orary fluctua¬ 
tions than is the systolic ju’cssure. It is nornially 35 50 mm. Hg lower than 
the systolic pressure. 

The pulse, pre^ssare is tln^ rise of pressure produced by v<‘jitricular systole. 
Though there is a gemu’al corr<\spoiuhmce between the siz(‘ of the })ulse pressure 
and the output of the heart in the sense that both increase, or d(‘creas(^ 
synclironously, there are no n*gular (jfuantitativc relations between fhe two. 
The same pulse pressure may at dilbu-ent times and in different individuals 
correspond to systolic discharges of very different volumes. 

Graphic Recording. —Tn animals the blood ])ressure can bt*. recorded 


^ Robinson and Bnicer, Arch. int. Med., lU.'U), 67, 409. 
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grapJlically by inserting a cannula into the carotid artery and connecting it 
with a mercury inanoineter juovided with a float and writing*point which 
records on a moving smokeci surface. The cannula and tubing are filled 
with an anticoagulant fluid. These records show an oscillation with each 
heart beat. The real pulse-pressure difference is not accurately recorded, 
as owing tr) its in(*rtia the mercury does not rise to full systolic level or fall 
to the real diastolic level. AVith a slowly beating heart there is more time to 
overcome t he inertia of the mercury, and the oscillations are larger ; with a 
rapidly beating li(*art th(‘ oscillations are smaller in extent. The size of the 
oscillation is not a r(*lial)le indication of the cardiac out put or force. Commonly, 
too, a variation with the phases of respiration can be s(Min (Fig. 18b and 
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Fic. 177. Prc'ssun* (irfHlirnt in Ditl’enait l^arts ol' tijf 
Vasi ular Beb. 

that the mviitrst fall of hlooil pri-sMin- orrur- in ttir artriioh-s. 

Tti«! (iMuoth- prnssuiv of tin* |ilasii)a proti-iiis is iiuiicali'd li\ 
till’ t . and i** intninciliaii- in valm* jM*!w«M*n ttu- piTssiirfs ir» tin* 
artcri'ilar and mihhis oapillary, (Af'tiT l.amlis, Auirr. ./. 

p. Dir(*(rt blood |)ressure recording from the interior of arteries has also 

Imm'II carried out in juaii (Fig. 180). 

Factors controlling (Arterial) Blood Pressure.--The blood pressure 
varies as tb(‘ produrt of the cardiac outpat and the. peripheral resistance. To 
a minor degree it also tlejtends on the eJastlcily of the large arteries (p. 202). 
The cardiac outi>ut dejteiids on the venous return, the force and the rate 
of In^art (for full discussion see ]>]j. 274 el seq.). Other factors remaining 
unalteied, an increase in cardiac output raises, and a fall in output lowers, 
the blood pressure. The peripheral resistance will now be considered. 

Peripheral Resistance.—Tbe peripheral resistance is found cliiefly in 
the tonieally contracted arteriole.s (especially those of the splanchnic area 
and the skin), and to a less extent in the mpilUtrHis. 

The pressure gradients in the various parts of the vascular bed have 
been determined directly in several species (Fig. 177). Normally, the greatest 
fall of pressure takes place while the blood is flowing through tlie arterioles ; 
but a considerable further fall occurs in tlni capillaries too. 
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The frictional resistance encountered by fluid passiu]" through narrow 
tubes depends on (i) its visrosif.y ; (ii) size of tlie lunmi of the tube ; (iii) 
velocity of flow. 

The factors determining the viscosity of blood are discussed on p. 185. 
A decrease in viscosity lowers the resistance, an increase in viscosity raises 
the resistance. If the viscosity of water is taken as I , j)]asina is I *55 : blood 
samples with corpuscnilar hflcmatocrit values of 25, 35, 45, 55 and (^^>% ha ve 
viscosities of 1*7, l-i), 2*1, 2-6 and 3*0 n^spectively. The greatly increased 
viscosity of the blood in erytliraunia (p. 108) accounts in large measure i‘or 
the associated hypertension. 

As the capillaries are so much narrower than the art(‘rioles, it may be 
wondered why the resistance is principally met with in the latter vess<‘ls ; 
the reason is that rapidly flowing fluid meets with much more resistance than 
slowly flowing fluid, and the velocity in the arterioles is many times higher 
than in the c.a])illaries. 

The part played by the arterioles is so much l)ett(*r kmnvn than that of 
tin* capillaries t hat the latter are often left out from discussions of the })(‘ri" 
pheral resistance, but doubtless tln‘y particij)ate in many r(*actions. The 
significance of capillary tom*, is discussed on p. 320. In some conditions 
arteriolar dilatatiofi is associated with capillary (‘ontract-ion : the major part 
of the perif)heral resistance Tnay the.n be hx^ated in t in* capillaries. 

F'ig. 178 summarizes the factors which regulate the tone of the arterioles. 

The Vasomotor Centre. —The degree of contraction (fovc) of the 
arterioles (and probably also of the capillari(*s and veins) is under the con¬ 
tinuous control of the vasomotor centre which is situa.t(*d in the floor of the 
fourth ventricle at the l(*vel of the a})ex of the calamus scriptorius. The 
centre gives rise to fibres which pass down the cervi(*al cord (in the white 
matter of the lateral columns (Fig. 887) to all the thoracic and the uppevr two 
lumbar segments to end in tlie connector cells of the sympathetic which lie 
in tln^ lateral horn of grey matter. The vasoconstrictor fibr(*s then jiass 
out in the sympathetic nervous system (described in detail at pp. 707 
ef. sp(f.) to the various parts of the body. 

The vasomotor centres is continually sending out excitor im|)ulses to the 
arterioles to maintain their normal d(*gr(;e of tone. The rate of inifiulse 
conduction in vasomotor ii(*rves is slow as tin? preganglionic are 11 fibres, 
and the postganglionic* are C fibres (p. 192). The frc(pn*ncy of the impulse's 
in these fibres varies with the degr<*e of a(*tivity of the vasomotor (.‘(‘ntre. 
Thus asphyxia increases the frequency of the discharge*; depressiem of the* 
vasomotor centre may cause a t(*mporary arrest of the dischai'ge in sym- 
pathetie? nerves. There is a variation in the* sympathe*tic elischarge with the 
phase?s of res]>iration ; the maximum discharge eiex'urs towarels t he* e*nel eif 
inspiratioTi owing to an irraflinfion froin the mfiratory to the rasomnfor centre 
which is situated i? very close* relationship to it (cf. p. 271 and Fig. 158). 

When the medulla oblongata is trans-sected at the level of the calamus 
scriptorius, a fall of blood pressure occurs down to about 40 mm. Hg, because 
the tonic impulses from the vasomotor centre are cut off. Section of the 
spinal cord above the level of the first thoracic segment produces an equally 
severe depression of the blood pressure, because the vasomotor centre has been 
cut off from all the sympathetic connector cells in the spinal cord. Section 
below the level of the second lumbar segment produces a minimal effect, 
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because all the vasomotor fibres have already j)asse(l out of the cord (cf. 
p. bOO). 

Following tlivisiou of tlu‘ s|)iiial coni, the lilood pressure* l‘m:illy re(*ov(‘rs 
owiii^; to the coiuieetor e(*lls in the con! fuiictioiiiug indej)eudeiitly as sub¬ 
sidiary vasomotof centres (p. bhl). 


H.C. 



rnj. 178.—Regulation of Arterial Tone. 

V.M.C.--Vasoniolor rrntrt': IJ.C. -IrniOinTion troni r»‘>f»jrafory OMitrr ; O.S., (Mi. ==-Carotid sinus nnd 
carotitl l»ody : ('onufctor aii(i «r.\trMor rrlls ot .'‘VrnpaMn tlr nrrvoiis systt'iii ; D.N.K. 

Dorsal lu rvf roof, dilator filurs ; j*;uasyiuj>,- Cranial or saiTa.1 antonondr dilator tllirfs ; A,i» - Aortii:. 
body ; II,C, lliyln r •■•■niris fcrrohral cort«‘\ and li> potlialuinus). 

The activity of the vasomotor centre cannot })e det(‘,rmined merely by 
recording the geiu^ral blood pressure. A rise in blood pressure may be due 
either to increased periplieral resistance or increased cardiac output (or both) ; 
if the peripheral rt?sistance is halved and the cardiac output doubled, the blood 
pressure remains uncliaiiged. The state of tlie blood vessels and the peri¬ 
pheral blood flow in various regions can be studitjd by the methods described 
below ; particular at tention will be paid to methods which are used in man. 

Methods and Results of Studying Peripheral Circulation.— 
(1) pLKTHVSMOdKAriiY..The organ (in animals, limb, kidney, spleen, 
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intestine, etc., or in man. part of a limb such as hand, forearm, or hand i.^us 
forearm) is enclosed in an airtight vessel (pleth/smonraph, onmmder) which 
is connected with a recording apparatus (Fig. 17<1) Changes m the volume of 
the organ are due to alterations in the amount ol contained blood, whu h in 
turn depends on the calibre of the blood vessels. Expansion of the organ 
represents vasodilatation (Fig. 187, A), shrinkage of the organ indicates vaso¬ 
constriction. These changes may be acHvdn produced by an alteration ol 
local vascular tone or fasaivdif [iroduced hy a rise or fall ot arterial or 
venous blood pressure. The plethvsinojrraph record does not give uifonnation 
about the particular .secti(>n of the vascular system involved {i.e. whether 
arterioles, capillaries, or veins 
arc alTectcd). 

(2) M K AS UK E AIK NT OK 

Akteuial Inflow ky Venous 
Occlusion Plethysmo- 
GRAPHY.^—'The organ is en¬ 
closed in a plethysmograph as 
above; the venous outflow is 
obstructed for a few seconds. 

The arterial inflow continues 
practically unchecked during 
this time and the organ swells 
to an extent which is recorded 
by the plethysmograph sys¬ 
tem. When the blood flow 
is to be im^asured by this 
method in a human liinlj 
(forearm, liaiid) a cuff is 
wra])ped round the arm aliove 
the ])let]iysniogra})h and the 
pressure is raised suddenly 
to 50-70 mrii. Hg (r.e. just 
b(dow the diastolic pressure) 

to occlude the veins for 10 i .i- 

seconds. The degree of limb swelling which occurs during this fime is 
determined (Fig. 2(K)); it cqnah tim arterial injlow. Jhe pressure l^ tlnn 
released and the procedure repeated at mtervals ol 5-10 seconds. 

It should be noted that in man the upper arm or forearm consists of 8o -o 
muscle and 10% skin; in the hand, and especially in the digits, the 
form a much smaller proportion of the total tissue mass. Chanps in skeletal 
muscle blood flow in man arc discussed on p. 432, and in skin How on p. 52/. 

(3) Skin Temperatuue.—T hese measurements are earned out in man 

with a thermocouple connected with a sensitive galvanometer. A fall of skin 
temperature (when the external temperature is constant) represents diminished 
local blood flow (usually due to active arfeno/ar constriction); conversely, a 
rise of temperature repre.seiits arlmolar dilatation and greater blood flow. 
(For records, see Figs. 108, 211, 210, 217.) / j v\ 

(4) Cerebral Blood Flow.—( i) Mstimales based on artenal-venous {A-V) 

1 Lewis and Grant. Wear!. 11.2r,. 72, 7.r Grant el at.. Clin. Sci.. 103S, ,7, Hi. ir.7, 273, 

Wilkins et al., ibid,, 403. 



.Fia. 179.--Human Plctbysmography. 


'Hic Inrearm is friwaosod in hh uirti^hi plethysniopravU winch 
is connectcil with a Alarej’s taniiKmr. Jf a blood pressure 
cull is pKicfsi on tins upper arm and inllatcfl fttr lo to anvst 
Uie ven(»us oiitlluw, the blood flow can he iuL‘a..sured hj 
vcimiis occlusion jdcthysinojjrapliy. 
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oxygen difference. —In man the oxygen content of arterial and jugular venous 
blood may be determined on samples obtained by direct puncture of the 
vessels. The average results obtained are as follows : oxygen capacity 20 c.c. 
(y>cr KK) c.c.) ; arterial Go content 19 c.c. ; jugular venous Og content, 
12-8 C.C., arterial-venous oxygen difference 6-2 c.c. The venous blood leaving 
the brain is thus more extensively reduced than elsewhere in the resting body, 
i.e. about 65% saturated with oxygen instead of 75% as in mixed venous 
blood. If it is assumed that in any one normal person the oxygen consumption 
of the brain is constant, it follows that an increase in the A-V oxygen difference 
indicates a decreas(*,d brain blood flow : a decrease in the .4-V difference 
indicates a rise in the blood flow. In abnormal brain states (e.g. epilepsy) 
these assumptions may not hold good. 

(ii) Silroufi Oxide Method} The subject breathes a mixture of 15^;^ nitrous 
oxide in air for 10 minutes. During this period six siim|)les of blood are taken 
at intervals from an arttuy and from the jugular venous bulb, and their 
nitrous oxide content is determined. After making a number of assumf>tions 
jiud em])loying a complex formula a valin^ is obtained which is claimed to be 
the cerebral blood flow. The average flow m normal people, is 54 c,(*. (it 12) 
per loo g. of l)raiii p<‘r minute. If tlie brain weight is taken as 14(M) g. the 
total cerebral bbuul ti(»w is 75(1 c.c. (range (iOO 9(K)) per minute, or one-sevent h 
of the total cardiac output. As the arterio-v(*nons oxygen difference is 
about (v5 c.c.^\,, tin* total oxygen consumption of the brain is about 50 c.e. 
per minute or over 3*5 c.c./100 g..min. Tlie cerebral blood flow should be 
compared ’with that of muscle, vrliich at rest is 1-4 c.c. and during violent 
exercise 30 40 c.c. per 100 g. per minute; the c(*r<d)ral blood flow per 100 g. 
thus substantially exceeds that of powM*rfully contracting muscle. 'Phe 
metabolic rate of nerve cells must be extraf>rdinarily high. 

The cerebral blood flow is diminished by the following procedunis : 

(i) A fall of arterial blood pressun* reflexly j)roduced by carotid sinus 
stimulation. 

(ii) Overventilation which loAvers the arterial COg tension; lack of 
CO 2 acts directly on the cerebral arterioles causing actives constriction. 

(iii) A rise of intracranial pressure above 3(K) mm. HgO which m(^chanically 
compresses the cerebral capillaries and veins. 

(iv) Inhalation of 85-1 oxygen which reduces the flow* by 15‘*4,. 

A rise in cerebral blood flow is j>rodiicecl : 

(i) By CO 2 excess which acts directly on the cerebral vessels causing active 
dilatation. Inhalation of 5 7% COg increases the cerebral blood flow bv 

(ii) By oxygen lack : irdialation of 10”/^, Og incn».ases the flow by 35‘^o. 

The cerebral and pial vessels are siipjilied liy sympathetic vasoconsfrwtor 

nerves. Direct observation of the exposed pial vessels in animals shows that 
stimulation of the peripheral end of the cervical sympathetic causes con¬ 
striction of the pial vessels, with or without a rise of blood pressure or of 
cerebrospinal fluid pressure ; the average reduction in the diameter observed 
is 7%. The vessels are moderately dilated after sympathectomy, or reflexly 
by stimulating the central end of the vagus. The purpose served by the 
sympathetic innervation is not clear. The blood flow through the brain 
varies directly with the level of arterial blood pressure (e.g. it is markedly reduced 
1 Kety and Schmidt, J. din. Investig., 1948, 27, 476 ei seq. 
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in a severe haemorrhage). As the skull cavity is a closed inexpansible box, 
dilatation of the cerebral vessels can occur only to the extent that cerebro» 
spinal fluid is expelled; such dilatation results from local changes in the 
chemical composition of the blood, e,g, CO 2 excess, Og lack. The blood vessels 
are directly constricted by COg lack or high Og ])res8ure. A raised venous 
pressure mechanically impedes the outflow of blood from the brain. In 
disease, spasm of the cerebral i^esseis may occur from nervous or chemical 
causes. 

(5) Coronary Circulation, see p. 237. 

(6) Pulmonary Circulation.^ —The pulmonary art(Tioles are few and 
contain little smooth muscle ; the corresponding capillaries and veins are 
very distensible. There is thus a low peripheral resistance! in the. pulmonary 
circulation ; the blood pressure in the right ventricle and pulmonary artery 
is correspondingly much lower than in the left ventricle and aorta. In man 
right ventricular ])ressure is 18- 30 mm. Hg systolic (average 25) and 0- 2 mm. 
diastolic ; pulmonary artery })r(!ssure is on an average 25 mm. systolic and 
8 mm. diastolic (Fig. 150); pulmonary capillary blood pressure, therefore, lies 
between 8 and 2 mm. Hg, whicli is far less than the plasma protein osmotic 
j)ressure (p. 15). The wall of the right ventricle is mucli thinner than that of 
the left ventricle. 

Sympathetic fibres supply the media of the pulmonary arterioles; 
8ymj)athetic stimulation causes constriction of these vessels, raising pulmonary 
artery pressure. The physiological significance of this nervous control is 
unknown. 

The time taken by a red coll to flow through the lungs at rest is 4-5 sec. ; 
the time spent by a red cell in the capillaries is 0*7 sec. at r(!st and 0*3 sec. 
during exercise ; during this brief period gaseous pressure equilibrium is 
established between the alveolar air and the pulmonary capillary blood. 
Tlie volume of blood present in the lungs at any time is normally about 
10% of the total blood volume, e.g. 500 c.c. As the pulmonary vessels are 
so readily distended, they can accommodate larger volumes of blood without a 
signifleant rise of local blood jncssure. An increase in pulmonary blood volume 
always takes place at the expense of the air in the air-sacs, thus decreasing 
the vital capacity (p. 302). For example, on passing from the standing or 
sitting to the recumbent fjositioii the venous return and right heart output 
are increased, causing “ active congestion ’* of the lungs and a c.orresponding 
decrease in the vital capacity. 

PuLMONAKV CiucuLATJON IN DiSKASR.—(i) If ojic luug is removed or 
completely collapsed by an artificial j)neumothorax, there is usually no list* 
in pulmojiary artery ])ressure because the vessels in the normal lung become 
sufficiently distended to transmit tin* larger blood flow through them wdth 
little increase in }>eripheral resistance. 

(ii) In emphgsema overdistension of the alveoli tends to comj)ress and 
obstruct the vessels lying in their walls ; similar effects may be produced by 
extensive ])ulinonary/7>msi.s‘. In advanced cases, as a result of the increased 
resistance of the blood flow, the pulmonary artery pressure is raised (e,g. to 45 
niin. Hg systolic) and the w ork of the right heart is correspondingly increased. 

(iii) In congestive heart failure (e.g. resulting from mitral stenosis) the 
left auricular pressure, and therefore pulmonary venous pressure, rises. 

^ Cournand, Ihdl, N.Y, Acad, Med., 1947, 23, 27. 
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Finally the right voTitric.lts may fail to empty itself completely and right 
ventricular diastolic, as well as systolic, pressures rise considerably (Fig. 150). 

Factors concerned in the development of pulmonary wdcma are considered 
on p. lit). 

(7) 8PLAX(nmfO Area and Skin. —These two regit)ns constitute the 
major part of the peripheral resistance. Stimulation of the peripheral end 
of the splanchnic nerve produces a considerable rise of blood prc^ssure {e.g. 
as much as 100 mm. Hg) owing to constriction of the vessels in the viscera. 
The rise of })ressure is usually partly due to the simultaneous seciretion of 
adrenaline (cf. y). 73J). (-onversely, sy)lanchnie section causes marked 
vasodilatation in th<^ viscera (Fig. 187, A, }>. 315). 

The changes in the circulation in the human skin under various conditions 
are fully discussed on pp. 321 et seq, 

(8) Renal Circulation. —This is fully discussed on f)p. 24 et seq. 

(9) Skeletal Muscle. —These arterioles r(M*eive both a vasoconstrictor' 
and a vasodilator sympathetic innervation. Normally the tonic constricti/r 
influence predominates ; thus blocking the sympathetic supply to the muscle 
vessels in man, increases the resting blood flow to a moderat(^ extent, e.g. 
from 3 or 4 to about 8 c.c. per 100 c.c. of tissue. On heating the body not 
only is constrictor tone in the muscle vessels inhibited, but the vasodilato’'": 
are also reflexly stimulated producing a greater blood How than occurs afver 
sympathetic nerve block (which puts both vasoconstrictors and vasodilators 
out of action). It is noteworthy that when fainting occurs as a result of a 
hsernorrhage, the blood flow through the skeletal muscles is greatly increased 
in spite of the associated low level of arterial blood j)r(issure ; sudden vaso¬ 
dilatation due to nervous impulses seems to be the causal factor (p. 84). 
Minute doses of adrenaline dilate muscle vessels ; larger dos(5s may be 
constrictor. 

The principal factors controlling the calibre of tin', sktdetal muscle vcssids 
are metaholites, i.e. the chemical produ(*ts of muscular ac^tivity, or the 
substancc^s released during is(;luemia (p. 330). 

(10) Laroe Peuiptieral Vessels. — The. descending aorta., th(‘. iliacs, and 
the subclavians are innervated from adjacent sym})a,theti(* ganglia. 3’he 
more peripheral vessels (axillary, femoral, etc.) are sn})plied at interrah by 
noii-medullated postganglionic fibr(*s wiiicli have travelled in adjacent n(*rve 
trunks and leave them to sujjply short lengths of the vessel wall. 

( 11 ) Innervation and Functions of V'eins, p. 318 . 

(12) Innervation and Functions of Capillaries, pp. 17, 319. 

(13) Determination of the circulaiion time may throw light on the state of 
the peripheral circulation, both venous and arterial (f). 262). 

Vasodilator Nerves.- -Vasodilator fibres are found as follows : 

(1) In the sympathetic nerces ^: the sympathetic fibres to blood vessels are, 
of course, predominantly vasoconstrictor in character, but by special UKithocls 
a certain number of dilator fibres can also be demonstrated, e.g, supplyin 
the muscle blood vessels in man {supra). 

(2) fn the cranial and sacral autonomic: e.g. chorda tyrnpani (p. 20^, 
ninth nerve (p. 714), nervi erigentes (p. 712.) 

(3) Vasodilator Fibres in the Dorsal Nerve Roots. -Xu is explained on 
p. 721, stimulation of the peripheral end of the cut dorsal nerve root produce^. 

^ Hum, Physiol. Rev., 19IJ8, 18, 137. 
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vasodilatation in the coiTesponding segment of the body. Impulses pass to 
tile skin (lausiiig a local release of histamine wliich produces its characteristic; 
triple response of cajhllary dilata.tion, wheal, and arteriolar dilatation (flare) 
(p. 320) (Fig. 105). Other impulses pass to the muscle vessels releasing 
acetylcholine whicdi. causes vasodilatation. 

Herpes Zoster.- The ahovc^ expt*riincuts explain the cutaneous pheno- 
incnia of herpes zoster. In this dis(‘ase noxious iiillucnic-cjs, siicdi as inflarnina- 
tion, Jiaunorrhage, prc'ssurc*, or poisons, act on the dorsal root ganglia or 
their cranial homologucis. The lesions are equivalent to stimulation of the 
ganglia, and so dilatation and incrciased pcu ineability of the blood vessels 
in the corres])onding skin area occur. This leads to exudation of protciin-rich 
iluid and formation of vesicles in groups along the distribution of the dorsal 
nerve roots or their cutaneous sensory branchcis. 

Factors influencing Vasomotor Centre.- (1) Higher Centres.— 
(i) A rise of blood pressure commonly occurs in emotional stress and in 


-l50mm.Hg 



10 sec. 
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Fig. ISO.—Effects of Over ventilation on Blood Pressure. 

Cat. Bluod pressure. At the first arrow, the animal was ventilated with pure air at 
t)ie rate of ICO times per minute. The blood pressure rapidly falls. At the 
second arrow, expired air (rich in CO,) was substituted. I’he blood pressure 
rises again. (Dale and Evans, J. Physiol.) 

anticipation of muscular exercise ; (ii) inhibition of the vasomotor centre 
may in part be responsible for fainting fits, e.g. in anannic girls {vaso-vayal 
attack) ({). 271). Both clTeets are due to impulses from the higher centres to 
the vasomotor centre. 

The effects of stimulation of the hypothalamus and cerebral cortex are 
discussed on pp. 7lb, (>71. 

(2) Radiation from Respiratory Centre. —During inspiration, im¬ 
pulses flow from the respiratory centre setting up increased activity of the 
vasomotor centre (pp. 303, 313) ; during expiration the discharge of the 
centre is diminished. 

(3) CO 2 Tension. —The vasomotor centre can only function effectively 
in the presence of an adequate CO 2 tension. If an animal’s lungs are exces¬ 
sively ventilated with atmospheric air to lower the CO 2 tension in the alveolar 
air and consequently in the arterial blood, a considerable fall of blood pressure 
usually results ; this is principally due to inhibition of the vasomotor centre 
resulting in dilatation of the vessels in the splanchnic area (Fig. 180). The 
blood pressure can be restonjd and raised above normal by ventilating with 
air containing excess of COg, thus restoring the COg pressure in the arterial 
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blood. The inhibitory and stimulating actions of ('Oj^ on the vasomotor 
centre are partly direct ; in part, howevc^r, they are reflexhf produced via 

tl\e siiio-aort.ic iier\’'es from the 
chemorece])tors in the carotid 
and aortic bodies (p. 745). 

By means of perfusion experi¬ 
ments it can be shown that COo 
also acts directly on the arteriolai’ 
wall: a raised CO^ tension relaxes 



arterioles, a lowered GOg tension 
constricts arterioles (cf. p. 317). 
Tlie perij)heral effects are very 
evideiit in the shin. By its 
peripheral action, therefore, COg 
produces eflects which are just 
the opposite of those it produces by 
its central action. 

In man the central and peri¬ 
pheral effects of ( 'Oo niay neiitral- 
iz(‘ one anothe^r to a (^)nsiderabl(* 
(‘Xtent. Orervcntihifion in man 
(which lowers the COj, tension) 
commonly produces no change in blood pressure ; the skin vt*.8sels are 
constricted, and the skin becomes cold and pale (p. 408). COg excess in 
man only raises the blood pressure after a considerable latent period and when 
the COg pressure is very high, e.y. 7% of an atmosphere (Fig. 181). The 
skin becomes red and hot, i.e. vasodilatation takers plac(' there, tliough 
vasoconstriction presumably occurs in tlie int(*rnal regions. 


MINUTES 

Fig. 181.—EfTect of COg Exee.s.s on llunmn 
Blood Prt^ssurt^ ;uul False Riite. 

At OJi, subject rebreathed froui a liajj euiitainiiit; 15 L 
or a mixture of 05% (U and 5% CO^. At OKI<\ 
tlie subject was again {iiit ou to air: the linal 
value of CO 2 in the bag was (Wright.) 



ON 20 40 60 OFF 20 40 60 

SECONDS 

Fig. 182.—EfP^rt of Acute Anoxia on Human Blood Pressure 
and Pulse Rate. 

'i’o left of first vertical Ihu*-- control readings. Between ON and OFF 
nitrogen w^as iuhah'd (ef. Fig. 24:1). (After Srlmehler and Tniesilell. 

Amer. J. Physiol.) 

(4) Oxygen Lack. —Og excess has no effect on the vasomotor centre. A 
•severe decrexLse in the oxygen tension of the blood—^produced in animals by 
artificially ventilating the lungs with an inert gas like nitrogen, or by giving 
an oxygen-poor mixture—stimulates the vasomotor centre (partly directly, 
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mainly rellexly via the siiii)-aorti(; nerves froiu the chcnioreceptors), and 
may cause a considerable rise of blood pressure. It must be remembered, 
how(iV(ir, that anoxia depresses the heart’s acrtion ; if the heart weakens 
markedly, no rise, or even a 1‘all of pressure may oce.ur. 

In mail acute severe anoxia produces little rise of blood pr(‘ssur(s and most 
of that is omotional in origin (Fig. 182). After about one minute, with the 
onset of cyanosis, the pressure may fall, som<‘tiraes considerably, owing to 
the heart muscle becoming de])ressed. Anoxia which develops graf/ualhf in 
man may lead to no change* in arterial blood 
pressure before the onset of heart failure 
(Fig. 243). 

(krebral Avcpmia. —Acute complete cere- 
hral anemia (from occlusion of tlie carotid 
and vert(*bral aTt(*ries) may |)ro(]uc(*. a liuge 
rise of blood pr(‘ssiire in animals, partly 
refh*.xly from tlie collapsed carotid sinuses 
and fiarl ly directly because of COn accumula¬ 
tion and oxygen lack in the brain (Fig. 18*1).^ 

Some rise of blood pressure may occur 
clinically from cerebral aniemia due to raiscul 
intracranial pressure. 

Changes in the pressure in ihe cerebral 
vessels liave no direct eifect on the tone of 
the vasomotor eoritre. 

(D) SiNi's AND Aoktk’ Nkkvks.—T he 
affenmts iTom the pressure receptors are 
prinei])ally responsible for stnlnUzivuj the 
blood pressure and [)reventing it from varying 
v(*ry much ; they similarly maintain tlie 
resting heart rate wdthin narrow limits. 

These sino-aortic nerves are normally carrying 
up a constant stream of allerent impulses 
vvhici] (‘xert a tonic, inhibitory influence on 
the vasomotor centre (ef. th(*ir action on 
heart rate, p. 272).^ The evidence is set out 
elsewluTe (p. 738) ; The main points only are referred to below. 

(i) Stimulation of the central end of the aorthj or sinus nerves usually 
rellexly lowers the blood pressure, in part owing to inhibition of the vasomotor 
centre with resulting vasodilatation. 

(ii) 8e(±ion of either pair of nerves rfiises the ])lood piessure (more 
especially if tlie other pair has previously been cut) mainly because, of 
released overactivity of the vasomotor centre and resulting vasoconstriction. 
Denervation in stages leads to the development o£chronio hypertension (p. 741). 

(iii) Variations in carotid sinus pressure can be produced by occluding the 
carotid arteries or by a})propriately planned jierfusion experiments. A fall 
of carotid sinus pressure rehexly j)roduce8 vasoconstriction and a rise of 
blood pressure, while a rise of carotid sinus pressure rcHexly produces vaso¬ 
dilatation and a fall of blood pressure. 

‘ I’ht* afl'erent inipiilsi^s Iroiii (htr vhemortcvjitors up by lack or C’(.)g also 

1‘t‘flexJy stimulate the viiHoinotor eentre (see pp. 743, 746). 



Fio. 183. - Efleet of C(*rebral 
Aiuemia on Blood Pressure. 


Ordiiuilr : Arlerial Moorl prossiin* in 
»nrn. Hu. in iniimfrs. 

Sinus iifives inlacl. Vaizi (Ut. At first 
siiTOW {]' (HI) clamp MTlabral 
.■irlcrifs; at si-conri arrow {C on) 
ncfliKlc both carotids. 'I’bc jirinicusc 
riN-c of pressure which results is partly 
n-llex and partly dne li* stinmliition 
of the vasoiuotor ei‘ntre hy comp/c/c 
fjfKvmia. At. r off, releasi' canjtids 
and at C off, r(']«‘a.se vertebral 
arteries. (Wrif^bt,././7o/*h</., Id.'to. 
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(iv) TIk* high sonsilivitv oi* tin* siiiUvS to iutoninl pivssiiro changes niiist 
be stressed ; ii dcAdat/ioii ol* .10 uiin. Hg is suiliciont to cri use a reflex response. 
Koch studied the reflex efr(»ct on blood pressure of raising the pressure in tln^ 
isolated innorvat(‘d carotid sinus from z(‘ro to various lev(*ls.^ I’he results 
are plotted, with the pressun^ in tlie sinus along the a bscissa and the percentage- 
fall of blood pressure on tlie ordinate (Fig. 181). An S-sliaj)ed curve is 
obtained. The main features are the.'^e : there is a thr(‘sliold value for the 
sinus pressure below" whiedi no reflex is set up (this varies from 30 to 70 nini. 
llg) ; at the other extreme tlnu'e is a maximuin (‘ffeetive |)r(*ssure beyond 
w"hich no additional response is obtained (this varies between 150 and 30() mm. 
Hg). 'riie curve, is steej)est in the normal blood pressure range, and it is 
interesting to note that the actual turning-point, marked with — on the 
tracing, agrees closely wdth tlie normal average level of blood prt^ssure in the 



PRESSURE IN CAROTID SINUS (mm.Hg) 

Fig. 18*1. — Carotid Sinus Pressure and Vascular Tone. 

Tin’ ('urv(‘« th'* fall of lilodU (onliii.ift ) itrddiiccd liy rai.sitiij 

Mif in tin* i'jdl.ilcd carntid jsiiiu^ (ahscissa). Cp to a |ioinl Ma- liij'lur 

Ui(‘ l<*Vfl of i-arotiil simis fiirsMin: llu* ^rrafer tlx? rfdic.x fall prodnerd. The 
]M)int iimrl\««l with a - is tlu* of riornial hlood prrssurt! (or Iho spooics ;md 
j.s (he r<«iori in wliioh the most .-aiHiliv*- sinus rclloxc.s .-in* (d»taiiu'd. .At 
hi^'hcr sinii'^ l)r(v*4,snn*.s pro.un-.s.<ivfly .smaller rrdlr.v ••ll»‘rts an* ohiiiiiud. 

I rnonlo'y ; ‘J^rabhit; :{- do:t^; 4 ral. (After Koch.) 

particular sjieeies studied : tlie value, for the monkery is 85-95, the dog 
110-135, and for tin; cat 115 mm. Hg. A"ariatit)ns in sinus pressure on either 
side of this jtoiiit cause, the greatest reactions. In Mn* intact animal, 1 herefore, 
when the lilood pres.sure tends to deviate from tin.* normal, the rec(‘])tors 
in the sinuses respond in a very sensitive manner, affect the bulbar 
centres approjiriately, and rapidly restore the blood pressure to its usual 
level. 

The all'ereuts arising in the aortic arch presumably act similarly. 

(6) Affetients from other Reoions,- -General or local vasomotor tone 
can be reflexly modified by affcjrent inijjulses from va rious y)arts of tlie- body. 

(i) In animal experimoTits, stimulation of the central end of a peripheral 
nerve (c.r/. sciatic) with strong, rapidly interrupted curreuts rellexly raises 
the blood pressure ; through a certain range of stimuli, the greater the 
strength of stimulus the greater the rise of pressure. Weak or slowly inter- 
^ The other sinus nerve and both vagi were cut to exclude cardiac and compensatory 
effects. 




KKSIMKATION AND HLOOD PliESSTTliK 

ru|)t(Ml currents jiroduce a The jx'ripheral nerves thus contain hotli 

allerent pressor and alTenujt dtpressor fibres wliich resj)e(‘tively stimulate; and 
inliibit tlie vasomotor centre. 

(ii) In man, a variety of vasomotor reflexes ca,n f)e ol)tain(;d. Thus 
(a) a sensory stimulus like a noise may ndlexly constrict skin vessels and dilate 
muscle vessels (Fi^. iSo) ; (/>) heat and cold applied to tin* skin r(‘Speetively 
rellexly dilate and constrict tlie skin vessels, (;sf>eeially in the hands and 
feet (p. ‘127) ; (r) distension of tin* duodenum rellexly constricts tlie v<*.ssels 
in the toes and fingers (p. 71)2). 

Relation of Respiration to Blood Pressure. —In animal ex]>eriments 
it is common to find n^gular variations in the blood ])ressure with tlie ])hases 
of respiration, the pressure rising during inspiration (ind falling with expira¬ 
tion ; a similar relationship may sometimes be noted in man (Fig. b'^b). 
On the other hand, the opposite relationship may be found, or the blood 
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Fig 185.—lletiex Dilatation of Muscle V'ossels in Man. (Grant and Pearson, 

C/in. M., 1938, J, 135.) 

Forearm (volume«600 c.c.) In plfithysinoKraph ; a loud nf)i.sc (at the arrows) 
reiflexly increases forearm voluino (vasculnatation). As the hand under 
the same conditions shows v.*).soc<mstriction it may he supposed that the 
skin vessels constrict; as the forearm voliinn* increases in sjiite of 
cutaneous vasocorislri<’tiou, the muscle vessels have dilated. 

pn»s.sure may b(‘ unanecte.d by the phases of res])irati()n. The n^ason for thi.s 
variability is tluit conlli(!ting factors are at work. 

During iospiratioyi there is (i) irradiation of impulses from t he respiratory 
centre to the vasomotor centre, increasing arttuiolar tone (cf. ]>. 30*1) ; a deep 
inspiration in man, for e.vample, prodiiees notable constrietion of tin* 
skin vessels (c.r/. in llu* lingers) ; (ii) owing to the descent of the diaphragm 
and the greater negative pn;ssiire in the pleural cavity the ^^enous r(*turn is 
increased, and tin; heart rat^e and output rise similarh*. These two factors 
tend to raise the blood pressure. On the other hand, during inspiration 
(iii) the negative pressun? in the thorax is increased. This pulls on the walls 
of the thin ca])ilhiries and venules which surround the alveoli of the lung and 
increases tlie lumen of these vessels. As a result, some of the blood which 
is expelled by the rigid; heart is held up in the lungs to fill the dilated vessels, 
and less therefore reaches the left lieart. The left ventricular output is 
lessened, and tliis tends to lower the systemic blood pressure. 

During expiration the intrathoracic negativ’^e pressure is diminished ; the 
result is that .some of the excess blood is squeezed out from the pulmonary 
bed. The left heart receives this blood in addition to the output of the right 
heart, tending to raise the blood j)ressurc ; but owing to the decrease in 
* Ttiia rule does not apply to tin* afT'erent fibres in the vagus nerves (Fig. 475). 
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general venous return during expiration, less blood reaches the heart, the 
output is decreased, and the blood pressure tends to fall. 

It will be noted that in the main two conflicting factors are constantly 



Fxc. 180.—Variations in BloofI Pi’essure with 
Phases of Respiration in Man. (JJatlro 
c/ «/., Arch, ini, MeM., 1944, 73, 29.) 

A : quiet breuthiuK. K: (ict;p broatliing. 

Ill both A nmi li tlir jirti-rial blood proaftiiro wjik reconli-«l 
by liK'ttns of «» intra-urU'riul ciitiuaia eoaiifcbid with 
11 iMi-mtiruiic iiuiiioiiifter. Tinic in B in n -:2 soc. 


at work: the changes in the 
capacity of the jxulmonary bed 
tend to lower blood pressure 
in inspiration and raise it in 
expiration, while the venous 
return and heart rate alterations 
tend to produce exactly the 
reverse effects. It is not sur¬ 
prising, therefore, to find that 
the. effects of respiration vary 
in different species and with 
the exact ty})e of breathing 
employed. 

Relation of Adrenal Medulla 
to Blood Pressure. —This is fully 
considered on pp. 724, 731 et set/. 

There is no evidence, that 
any of the other ductless glands, 
e.g. the neural division of the 
pituitary (p. 10), play any 

part in normal blood jxressure 
control. 

Regulation of the Normal 
Blood Pressure. —In the normal 
resting person the blood })ressure 
is steadily maintained witliin 
comparatively narrow limits. If 
one may so express it the normal 
level of pressure represents a 
compromise between a number 
of conflicting interests. It must 
be remembered that, other things 
being equal, the blood flow 
through the brain will vary 
directly with the blood pressure. 


B.l*. vnbif's ill B un* in iinii. Uiz. In A th«< bioo<l pr^ssun* 
iM iimximul »t the ori«l of (quiet) expiration und 
ininitnal at the end of (quiet) jnspinition. In B wit.b 


A pressure which is much below 
normal is unable to drive an 


deefi iireiitliliu; the liue.tuHtion.s iiro more tiiarkei 
B.iV i^ inaxiiiuil at ttie end of'iiispirution and minim 
at the end of expiration : tiiiiK systolh; B.K varl 
between 140 iiikI 170 mm., and diiiHtolht bet.w<*eii ! 
Mill ior>. 


adequate amount of blood to 
the brain against the force of 
gravity. If the blood pressure 


is raised excessively, it serves no 
useful purpose and imposes an additional burden on the heart and a greater 


strain on the blood vessel walls. The level of blood pressure also regulates the 


coronary blood flow (p. 237) and the rate of fiiltration in the glomeruli of the 
kidney (p. 25). The desired constancy of the blood pressure is attained mainly 
reflexly by the sino-aortic nerves (buffer nerves), by means of the variable 
tonic inhibitory influence which the pressure-receptor fibres exert on the 
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cardiac and vasomotor centres and on adrenaline secretion. A rise of blood 
pressure at rest increases their inhibitory activity, a fall of blood pressure 
lessens it. 

The four sino-aortic nerves form a functioning entity ; their regulatory 
role in the body can be illustrated by many observations : 

(i) Occlusion of the carotid arteries produces a greater reflex rise of blood 
pressure after the aortic nerves have been cut and their restraining influence 
thus removed. 

(ii) The rise of blood pressure resulting from stimulation of the peripheral 
end of the splanchnic nerves is greater after cutting the sino-aortic nerves, 
although the initial blood pressure is higher. 

(iii) Stimulation of the central end of the aortic nerve in the rabbit 




Fig. 187. —Effects of Splanchnic Nerve Section on Circulation. (Kremer and Wright, 
Quart: J. exp. Physiol., 19«12.) 

A. Cat: Upper record, tdood pressure. lx>wer record, spleen volume. TInie tracing; shoiva 30-Hecuui1 
intervals. Aortic and Hinus iicrveH intact. At the jK)int marked by the arrows the rl^ht aplanchnic 
nerve waa divided. 'J’here is u slljjlit initial rise of blood pressure and splenic constriction owln^ 
niochunlcal stimulation of the nerve. This is followed by marked dilatation of the spleen from loss 
vasoi’onstrictor t«mc. 'I'Jic. blood pressure is unaltered to the cumj)eusatury cHccts set i 

re.flexly by the pressurc-rcceptor afferents in the sinus and aortic ncrvi^s. 

U. Cat: Blood pressure record. B(Ah vagi cut. Might earctid clipped. At the first arrow (A) left caret 
oecliided. 0>viiin to the fall of .sinus pressure tile B.V. rKses markedly to 240 mni. Both carotid sinus 
are now out of action and the aortic nerves are, of course, divided. At the second and third arrows 
(B, C) the right and left splanchnic nerves are successively divided. After a transient iiiliiul rise 
(due to mechanical stimulation) tlie blood pressure rapidly and progressively declines. 

brings about a bigger fall of blood pressure and a more sustained slowing 
of the heart when the other buffer nerves have been divided ; the same is 
true of stimulation or distension of the carotid sinus. 

(iv) If the splanchnic nerves are cut, with the sino-aortic nerves intact, 
the fall of blood pressure, if it occurs at all, is slight, transient, and soon 
recovered from in spite of extensive dilatation of the abdominal vessels 
(Fig. 187, A); this is due to reflex compensatory vasoconstriction in other 
parts of the body. If the sino-aortic nerves have been previously divided, 
splanchnic section produces a larger absolute and percentage fall of blood 
pressure (Fig. 187, B). 

After hfiemorrhage it is found that section of tlie vagi may produce a 
further fall of blood pressure as shown in Fig. 188. Such results were thought 
to indicate that in states of extreme hypotension afferent pressor irujiulses 
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may 1 h‘ st‘t \\y l)y t lic oikUii^s in tin* carotid simis and aortic nrcli. It is more 
))i()l»ahlc howevi*!* tliat in liaMuorrhajijo tiio vhemonrepfors arc stimulated by 
anoxia and n'HcxIy stimnlate tlic vasojnotor centre and so lielp to maintain 
tlie blood pressure T ib.) 

The i]nportanc<^ of the sino-aortic nerves is clearly broujjflit out by 
experinu'iits in whicli th<*v are divided. It bolfi aortic and sinus nerves 
are cut in an acvlr ex|)crir'nent, the blood pressure* tnark(‘dly rises ; but the 
animals do not usually survivai lonji and soon siiccruinb irom ventricular 
fibrillation or pulmonary (edema. If the sino-aortic nerves arc removed in 
t wo stages, the animals may survive for long periods and develop a persisteni 
hypertension (p. Tli).^ 

In exercise the blood jiressure rises (in sfiit(; of tlie regulatory action oi 
the. sino-aortic n(*rv(*s) mainly owing to the in(T(^ased cardiac output (p. 43-)). 

After removal of the entire sympathetic system in cats (p. 715) the 

-—I blood piessurc is not signiticantly 

lowered. It must, be supposed 
\ oUJTim arteriolar tom*, is restonal 

through iidierent projx'rties of 
\ tlie vess(‘l wall or by means of 

^ I some unknown chemical agents. 

^ , I In man, however, following syrn- 

c Vd^l cue \ pathectomy vascular tone is not 

fully restored even after manv 
15" year.s. 

—I—I—I—i I « i — L — I,., \ —I ,i-l Adjustment of Blood Flovt 

Fi(}. Iss.- -Afferent Tressor Fibres in Vagi. to Local Needs. Peripheral 

(McDowall, y.1925.) Control of Vessels.- The 7Y7-,so- 

iiNx..! |n--.<iir.. Tii-' Moud h;»> »-<•-u )nofor nerres iiot oidv maintain 

liiutTcd lu mm. iiv mtaii.- ol At thr i j • i ' i 

jiiTow tiir (\v<)\a--rMv. n-tii\i.ic.i; ih*-f.iiKMi pn general artcriolai’ tone and so 

il'll nirtli.r. riii« n-^iilt that pirwr 1™.. thi‘ blrwif) nrowimirc 

allrii iit lilacs in (lie vaui, pr<>iialii> Imm c/nnm- K(.( p U[) Till. 0100(1 prcShUK. 

mv/zei/v, were lu ijiim'lo sii-tain III* i*Im(hI ])n>sun blit a.lsi) provide all important 

meehanism by im*.ans of which 
the blood flow" to any j>art ea.n be adjusted to its spix'ial iux*ds. The muscle 
coat of the. arterioles is also act(*d on by (7/.c#w?V*«/ ag«‘ii(*i(*s(f'.f/. natural hormones 
like adrimaline, (ir products of im*taboIism like CO.,), a.nd by local temperature 
changc.s. In sonui parts, like the skin, the va.^cular adjustments arii mainly 
dm* to alterations in sympath(*tic nervous activity and of temperatun*; in 
.sk(*letal mu.scles clicmical factors predominate: sornetiTm^s all types of agt'iicy 
act- at om* Lirm*. In .soim* circum.stances local circulatory adjustments an* 
inadefjuatc, and as in violent (‘xercise, thi? entire circulation must be adapted 
to scrvi^ the needs <d‘ th(* active tissu(*s (the skidelal muscles and heart). 

An increase in tluj blood flow to a part may be produced in the following 


Fio. ISS.— Afferent Tressor Fibres in Vagi. 
(Me Do wall, •/. PhyaioL, 192,5.) 

('.'it; IlNxitl pr< IIP . Tli-‘ Moud pr*-'..^iir< I.<*-n 

liiuered lu i'tO mm. Iiy meini.- ol |)|e...«rni<r. At the 
jiirow tlie (wo Xii'-fi were di\ idetl; (he f-lood pn'isun- 
Tell lurther. riii« result .-iiieu'e.-t* 1h;it prewir 
alleieid lihres in (lie vjiej, proii,ilii> from rltmn 
irr/'fittirx, were heljiim' lo sii-tjiin Ih* hlood ])re.»sur 
redexly. 


(1) By vasodilator nerves (fully described on p. 308); these, however, 
supply a limit(*(l number of organs, e.g. heart, salivary glands, penis. The 
dilator fibres are often also the motor or secretory nerves to the part, and 
in this way vasodilatation is coincident with activity. This is the case in 
tlie chorda tyrnpani to the submaxillary gland (p. 20) or the sympathetic 
supply to the heart (p. 237). 

^ Kremor, Wright, and Scarff, Brit. J. exp. Path.^ 193,3, 74, 281. 
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(2) By general circulatory adjmtments.- If the blood jjnissure is raises] 
as a result of vasoconstriction limited to certain areas, blood vessels in other 
zones become passively opened up by the liigher pressure of the blood reaching 
them. Thus inj(‘ction of adrenaliiu* (p. 721) (constricts th(‘ vessels in the 
s|:>lanchnic area and skin and ra.is(cs the blood pressure ; th(‘ blood is tlnis 
diverted to the skeletal muscl(‘s and Jjcart (where adrenaline also prodinvs 
a(3tive dilatation of tin* V(\ssels). The same tyjx*. of adjustment oe,e,iirs in 
muscular (cxfircise, (‘xcept that h(‘re in addition products of HKctaboiism widelv 
dila,te tine v{‘ssels in the skadcdal muscles (p. 132). 

(3) By inhUdtion of mmmnstrlcfor tone, usually relhixly via the va,sornotor 
centre. -Thus heating the body dilates the bhxKl vessels in tluc limbs bv 
iiihii)iting the dis(iharge of the vasomotor (centre (p. 327). 

(4) By hmf. acting (lirectlfj on tin- vessel walls.- The skiu vess<‘ls are thus 
opened up in hot w(‘ather; tin* 
temperature, of active organs 
rises with a similar ncsult 
(p. 327). 

(5) By chctulml changes in the 
tissues.- Perfusion experiments 
show that a rise of tension. 
or of ion conrenlration or 
oxygen lack dirccctly dilates blood 
v(\ssels. These agents may all 
come into action in secreting 
glands or (.‘ontracting muschc. If 
muscle is made to contract 



an<‘oro])i(!ally aft(*r poisoning with 
iodoacetic acid, though no COo or 
H ^ ions are lib(M‘at(‘d vasodilata.- 
ti(jri occurs; this observation 
shows that non-acid dilator siib- 
stanc.es rnav be liberat(Ml during 


. 180 .—-IHaiinoii showing an .ArOMMo-A'emms 
Anasfniiio.'ii^ i.\\n) Jinkin;; up a 'r«‘rMiiiiaI 
Art^Tiolf (.\) a Small X'fanilc (\*) in 

iJir skin. AIm)V(‘ imiii'atnd I he (Aipillarx' 
IkmI (pap). (L(* (n*os (’lark, of I hr 

(Ktunl, I'.rUk) 


activity. Experiments on ischtmiia followed by reartire hyyera.nua. (f). 32lM 
prove that wh(*n the bhxxl supply to a tissue is cut olf, tin* blood vessels 
lc)cally dilat(i owing to the accumulation of certain products of tissue 
activity ; adenylic acid. a,nd possibly histamine are among those chemically 
identified. Thes(*. results sugg(;st that a variety of products of tissin^ 
metabolism, called non-eommittally mciaholites^ are eonstaetJy formed at 


n\st and ap})ear in inereas(xl amounts as a n'sult of activity and adjust 
(by varial/ions in their coiieeutration) the. ealibn^ of the local bhxxl \ (‘sscls, 
and (•oiiseqinmtly the local bhxxl flow, at a h'vel which is a])propriate to the 
])hvsio]ngieal state prevailing at the time. 

Thesci ])rincipl(is are discussed in greater detail for salivar}^ glands (p. 20), 
heart (p. 238), skeletal musedes in exercise (p. -132), and the skin during 
exposure to varying external temperatures (pj). 327 ct scq,). 

Arterio-Venous AnastomosesJ —In many tissu(\s the arterioles and 


venules are directly connected by channels w'hieli are inch'pondcnt of the 
capillary netwx)rk (Eig. .181)) ; tlie. muscular wall of tlies(>. (Moss-(x)nnection.'y 
is very thick and ri(ddy supplied with vasomotor iiorv(‘s. The anastomos(\s 


J Olark, r/uj.slol. JO r.. 1U3S, i<V, l!2U. 
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are particularly numerous in tlie skin, especially in the lingers in the region of 
the nail })ed: they are opened up by heat, thus enabling a larger volume of blood 
to pass through tliese wide channels directly from the arteries to the veins; 
the resulting increase in dermal blood flow facilitates Injat loss. The reverse 
changes are produced by cold. Tlie anastomoses probably account for tht^ 
enormous changes of skin ilow produced by alterations of ttmiperature 
( Fig. p. 327). Anatonioses are also found in the sex organs, e.g. between 
the arteries and the cavenioiis sinuses of the |.)enis, and in the kidney, liver, 
spleen, and lungs. Tlu' iiiaxiniuin diameter of the anastomos<*,s in dill'erent 
sp(‘( ies is 50 390 //. 

Pathological arterio-venous anastomoses are established when an injury 

affects the walls of an adja(;ent 
artery and vein leading to a 
direct blood flow from the 
artery to the vein (p. 298). 

Physiology of Veins.*— 
The veins are innervated and 
their calibre regulated in tin* 
same way as the arterioles. 
The sympathetic exerts a tonic 
constrictor influences on veins ; 
sympathetic section leads to 
venodilatation in man. The 
veins constrict during vascular 
pressor reflexes and dilate* 
during depressor reflexes; Fig. 
190 illustrates reflex contrac* 
tion of a human vein in re¬ 
sponse to cold. The veins 
are constricted when the COg 
tension in the medulla is raised. As tlie veins contain so little muscle tissue 
the changes in calibre which they undergo under these conditions are small. 

Venous Pressure.* —To estimate the venous pressure in man two main 
methods—the indirect and the direct—have been employed. The indirect 
methods consist in determining the external jiressure necessary to produce 
collapse of a small superficial vein, or the pressure which just prevents refilling 
of a vein previously emptied by “ milking ’’ towards tin* heart. The diref^t 
methods consist in placing a manometer in communication with a vein by 
means of rubber tubing and a hollow needle of adequate bore. The vein 
usually chosen is the median basilic, at the bend of the elbow. 

(i) Normal values are 5--15 cm. HgO. Venous pressure is, of course, lower 
than capillary pressure, but the difference is small. 

(ii) Venous pressure does not necessarily follow changes in the pressure 
in the main arteries ; but if the arterioles are dilated locally, the general 
blood jiressure is transmitted more completely to the veins and the pressure 
within them rises ; this is seen in the submaxillary veins during secretory 
activity. 

(iii) The venous pressure is increased during exercise because the raised 

^ Franklin, Veifia, Sprinj^eld, 1937. Burch, Primer of Venoua Preaeure, 1050. 

■ Bedford and Wright, Lancet, 1924, ii, lOS. 
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Isolated Vein 
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Tio. J90. -li<‘Ht*x Uoiitrartiori of V5diia in Man 
(Doiipe et aL, ./. PhyttioL, 1938, 396.) 

All S-cin. length of a wrist vein in man was exposed, blocked 
above and below, and needled ; tlic eoiitaliied blooti 
watt rei>luecd by saline uiiil tlie needle (‘onuecled with a 
pressure-recording apparatus. During the period 
indicated by ttie signal line, cold was applied to the 
surface i»f the body. The vein reflfxly cotitrarted as 
shown by the rise of intravenous pressure. 
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arterial ])ressnre is transmitted through the very dilated arterioles of the 
active muscles. 

(iv) Excessive hyj)erpiima may lower the venous pressure slightly. 

(v) A forced expiration with the glottis closed raises the venous pressure 
considerably, because tiie raised intrathoracic ])ressur(j (^oni[)resses the veiue 
cavic and this prevents the venous n^turn into tlu^ chest. 

(vi) Wlw'ii congestive lieart failure occurs the venous pressure rises, but 
not b(;foro obvious clinical evidence, of ven<»us engorg(inient is j>resent, e,q. 
enlargement of the liver and distension of tin? cervical veins. In marked 
congestive failure the basilic vein pressure may be as high as 30 or 35 cm. 
HgO (p. 111). The height of the venous jnessure can lx? rougidy det(?rmine(l 
l)y noting the height of the column of blood in the neck vi?ins above heart 
level. 

Tin* control of the venous return is discussed on p. 271. 


THE CAPILLAHIES. VASCULAR RESPONSES OF THE 
HUMAN SKIN* 

The Capillaries. —The capillaries arc lined by thin, llattemnl, nucleated 
polygonal cells joined together by c(?ment substance. Although the (.•apillaries 
have no muscle coat they can actively modify their own calibre and r(?sj)()ini 
to nervous, hormonal and otlnu chemical and j)hysiciil stimuli. The active 
variations in capillary calibre are attributed to alterations in the state of the 
lining endothelial ceils themselves ; when tht‘se swell the capillary lumen is 
reduced. 

With the skin microscope the capillaries of the human skin can be studied, 
e.q, at the root of the nail, where they run parallel to the surface, and a cot)- 
siderable length of loo}) may be examined. Similar direct studies can be? 
made in thc! frog in the m<*.sent.ery or web of the foot. 

Independent Contractility of the Capillaries.—The capillaries can 
alter their calibre iiide}»enderitly of the. state of the arteriole.s or venules. 
When their tone is high they can resist the distending force of a raiseil venous 
or arteriolar })re8sure ; but when their toin^ is low they timd to follow |>assivoIy 
changes in the arteries and veins. This can be shown by direct observation 
in man and lower animals ; it is also supported by much indirect evidence : 

(i) From skin colour and tenifierature (p. 321), 

(ii) From the action of adrenaline and |)ost'}utuitaiT extracts (p. 322). 

(iii) From the triple rea|)on.se in human skin (}). 322). 

(iv) From the elfects of injecting histamine in the cat (p. 337). 

(v) From the white line |)roduced by lightly stroking human skin ({?. 321). 

Frequently, however, the calibre of the capillaries changes actively in 

the same direction as that of the arterioles and veins when heat is applied 
to a part, p. 327). 

Cajullakv Blooj) Pressukk. Jntekchanoes Between the Blooj> 
IN THE Capielakjes AND THE INTERSTITIAL Fldii). Lymrh.—T hese subjects 
are fully considered on pp. 16 21. 

1 Lewis, Blood Vessda of the Human Skin and their Responses, London, 1027. Kro^li, 
Anatomy and Physiology of the Capillaries, New Haven, 2nd edn., 1929. Drinker niid 
Yoffey, Lymphatics, Lymph and Tissue Fluids Cambridee, Mass.. 1041. 
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Importance of Capillary Tone.—(\)in().‘irod witli tlM‘ total number of 
caf)illaTies present in a muscle, the number whicli normally contain blood is 
very small. Indian ink is injected into the vessels of a resting nius(;le, the 
tissue fixed, and sections cut and studied : very few capillaries can be seen 
on examination, and most of these are very narrow. When the experiment 
is repeated with tetanizvd muscle, ten or more times as many capillaries are 
visible in any unit area, and they are all widely dilated (Fi". IIM). Now 
capillaries contain no valves, so that when blood comes to a part, it must. 

fust till tlie (;apill;iri(?s before it 
can pass on into the vein.s. Onci* 
it reaches the veins its return to 
tile luiart is relatively (*asy. Tlie 
contraction.s of the skeletal 
niuscl(‘s driv(‘ the blood on, and 
it caimot pass back owing to the 
presence of the valves. In the 
capillaries, howtiver, muscular 
activity merely si^ueezes the blood 
from one capillary to another, 
a.Ti(l the blood n‘turns in the 
intervals betw(,*en the contrac¬ 
tions. If tlie capillaries all ov(?r 
the body r(‘lax (as after the 
injection of histamims p. 
tliey retain so mu(di blood within 
tln‘m that after tln.^y have become 
lillefl v(‘rv litth' blood is available 
to reach the veins. As a result 
the vmious return falls, tlie out¬ 
put of the lieart diminislies, ami 
tlit? brain and tissues generally 
sulV(‘i- severely from oxygem lack 
owing to tii(Mr inijiaired lilood sup|.»ly. Normal capillary tone is thus of 
extreiiK' imfiortance. In vigorous ex<‘rcise the muscula.r capillaries, it is 
true, relax, and can retain a gr(‘at deal more blood, but tlnm tlie blood flow 
to the niuscles is gr<\'it.]y inenvised partly by diminishing the lumen of the 
blood vessels in othrr regifjjis of tin* body. 

pul heft (‘ fibres jki.ss to the cu])illary wall and 2 >i“obal)ly transmit tonic 
vasoconstrictor impulses from the vasomotor eentTc. Jn the juain, however, 
ca.])illarv tone is controlled f)y local physiral aial vhemival agencies. 

Control by Physico-Chemical Agencies.— (I ) AIktauolitks.- l)uring 
activity marked dilatation of the capillarie.s (and artorioh's) takes place, as 
was not(*<l ab(»ve iji the ease of skeletal muscle, IMie dilatation is brought, 
abotit by jjroducts of ti.s.siie activity, i.c. nictabnJites ; tin* factors at woik 
may |)erha[k‘'- b<* the ris<‘, ol ('O., tension or of 11" ion concentration or tin* 
aj)peara.nce of .s(mie Jioii-acid dilator substatices. Wlu'U tJjc blood sijj)ply to 
a lirnlj is cut (df, the locally acting physiological dilator siibsta?ic(*s accumula1.(^ 
and are responsible for the. vasodilatation, allecting capillaries and arterioles 
in both skin and muscle, which becomes evident when the circulation is 
reopened {rcavlivc hyperamia, p. o29). 
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Kio. IUI. Effect of Activity on Capillary Tone. 
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eiililiie of ]»atent capillaries us a result ot activity. 
Stale ill fj., iKrugli, Anatomy and J'/tysitJoyy 
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\ AS( I KAU 1?HS]H)XSKS OV SKIN ;J21 

When Innnjiri skin is injured, Irisfamine is lihenited and is r(\s|)onsif)Ie for 
tlj(? local vascular n^action. Other chemical aj^emts may be released in 
damaged tissues elsewinne (e.r/. in burns, p. ».VM). 

(2) Hotli a(frcn(illnr and yosl-pifnitai'u rjirnr! on inj(*etion produce local 
capillary constriction. Tii^id proof of this in man is "iven on |), »‘^22. If post- 
j)ituitarv e.vtract is absorbed (c.r/. following intramuscular inj(*ction), i1 pro¬ 
duces widespread capillary (amstrietiou especially of the fa(fe. (p. 4()). 'fliere 
is uo evidence that eitlnu- honnone noniiaily regulates (;a|villa.ry tone. 

(3) For efleets of hmt, cold, and liqld, see pp. 327 c.t mj. 

Vascular Responses of the Skin.- (V>xTia>L of Skix CoLoim and 
Tfmi'FHAJ’Uijf. The colour of the skin depends on the calibre of the surface 
Cfi pHlarics\ aanl of the sub 
f>api]Ia?-y venous plexuses 
{tn in fife vessels) : wlieii they 
an* dilated and a considi'r- 
able blood flow tak<‘s place 
throiijxh them, tin* colour is 
r(*d ; when the blood stag¬ 
nates in rela,x(‘d ca])illarics, 
the oxyhicmoelohin under 
j^oes extejisive reduction, 
and so tbc skin is hluc : 
vvb(*n tin* ca|)illarics arc 
varntracled, the skin is j)ale. 

The lentperolnre of tin* skin, 
lik(‘ that of any jiarl. de])(‘n(ls 
on tin* amount of blood //o/z - 
/yn/through it,, wliicli in turn 
dz*|»cnds on t he calibrf* of the 
ffrierioles. The eapillaries 
thus re^ulatz* t he anioiuit of 
blood wliicli is ])resent in a 
part at any moment, and the arterioles the amount ])a.ssin.if throupjf t he region 
durin^^ any ^uven [)eriod. lii warm weatln*r the. skin is warm and tJn^ colour 
is pale or red. A warm red skin indicates that both (he arterioles and the 
eaj)illa,ri(\s are relaxed. A warm pale skin must- mean dilated arterioles and 
constricted capillaric's. In cold weather the skin is cold and the colour is 
wliite, r(uJ, or blue. Cold f)ale skin means that both arterioles and ca]»illaries 
are constrizded. A cold blue or red skin moans eonstrict(‘d arteries and 
ililated capillaries. Tlie a,bove olxservations ju'ove tliat the eajiillaries in 
part can and do actively rojrnlate their own calibre. 

Whitk Link. If tlic skin on the front of the abdomen or forearm is 
stroked i|uite lightly, a irhile line nornially a[»pears which is exactly limited 
to the area of skin stimulated, and is quite sha rply outlined (Fig. Il>2). The 
line appears after a latent [leriod, jiersists for a minute or two, and then 
gradudly fades. The white line is due to local active capillary contraction.^ 
Tlic, (*vi<ier)ce is as follows : 

(i) Each arteriole supplies an irreqnlar area of skin, so that the local 
anaemia which results from its contraction would similarly be irregular 
‘ Slade, and liCwis, J/rart^ 1917, 6’, 227. 



Fig. J92.—White Line produced by Light .Stroking 
of the Skin. (Krogh, vl?<Yi<owy and Physiolnuy 
of the Capillaries.) 
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in outline and not follow strictly the line of the stroke as does the white 
line. 

(ii) Tf the pressure in a cufC round the arm is rapidly raised to well above 
the arterial blood pressure (i.r. to 200 mm. H^), the white line can still be 
obtained by stroking the skin of the forearm, ami its time relations are similar 
to those in a part in which the cinnilation is unoceluded. '.riie same holds 
true even if an interval of 10 minutes is allow'ed to elapse after applying the 
armlet. The efleel of compressing the arm in this exj)eriment is to sto]> the 
how in the vess(*ls distal to the. bloek. In such a system, constriction of 
the artenohs trovhl (hivr hloof/ out of them hito the capillaries and dilate th(‘ 
latter still further, as their cont-euts cannot |uiss on in the normal wa 3 % owing 

to the obstruction to the natural out- 
ilow from the veins. The, blanching 
of the skin, wliieli is ])roduced by 
stroking, must therefore lx? due to 
the contr.'iction of the eapillan/ wall, 
wdiich actively drives the blood out 
into the neighbouring veins. This is 
eontirmed by microscojue examination 
of the skin vessels. 

(iii) The white lim* can be elicited 
after all the nerve tibn‘s to the skin 
have degcjieratcd. proving that it is a 
direct lo<‘al n'sponse of the eaf)illary 
wall tn external stimulation. 

Act ion of lionmrnes. - If adrevalioe 
ov post-pituitary eitraef is injected into 
the fonsu-in skin after the earcuhition 
to the j)art. lias been arr(‘st;ed, it also 
causes local blanching, proving that 

tln'se drugs prorluct^ active capillarv 

contract ion.^ 

('outraetiJe Poirer and Resistance 
of Capillary Wall, ft (‘aii bti shown 
that th(* maxiiniiin jiressure which 
the capillarv wall can exert on its contents when it contracts is 10- 60 n)m. 
Hg. If tluj pres.sure in a cuff surrouiidir the arm is rais(M] to this figure, the 
venous [)ressure below the cutf rises to ist a,l)ove this level ; the capillary 
pressure in the forearm skin must tlierefore he of a higher order (p. 17). If, 

under these conditions, adrenalim! is injected into the forearm akin it still 

causes blanching. If the capillaries iiw. first constricted by adrenaline, and 
the venous pressure is subsequently raised by obstructing the outflow' of 
blood from the limb, they can resist a distending force, in tlie veins of 
80 -1(K) mm. Hg ; i.e. t he resistance of a closed ca])iilary is gn^ater than the 
maximum pressure w'liich it can exert on its contents when it contracts. 

The Triple Response. —In subjects with more sensitive skins, or when 
heavier stroking is employed, a triple response may be obtained. 

(1) Red Line. —After a short latency a red line develops which it 
sharply defined (Fig. 103); it is first bright red in colour, but gradually 

' l.(‘\vis, Ifrart. 1021, 77, 169. 



Fio. 19.‘1.—Red Line produced by Scratch¬ 
ing the Skin. (Krogh, Anatomy and 
Physiology of the Capillaries.) 



TRIPLE RESPONSE 


assumes a bluish tinge, indicating that the blood is stagnant and that 
its Ineinoglobin is therefore undergoing excessive reduction. Using the 
criteria described above, the red line can be 
shown to b(5 due to capillar dilatation ; it also 
can be produced after the local nerve supply 
has degenerated.^ 

(2) Flaiik. —In sensitive subjects, after Ji 
further interval of 15 -30 seconds, a widespread 
hush or flare appears (Fig. 104) which is f)riin- 
arily tlie result of arteriolar <lilata.ti m : 

(i) The. dare spreads for a varialde distance 
from tin* a?e.a, stimulated, is mottled in colour 
from alternating islets of hyp<‘raunia and of 
normal skin, and the <‘(lge is erenatc<l, as w'ould 
l)e expected from the manner in whic:h the 
arterioles are distributed to tlie skin. 

(ii) The colour is l ed tliroiighoutand does not 
tend to be(M;)me purple froir) oxygen deficiency, 
proving tliat rapid flow of blood is occurring. 

(iii) The temperatun*. of the skin over the 
Har(‘ rises by 0-5 2'' C. as a result of tin* 
inereasial blood How. 

I'he flare depends on a.n intact nerve -sapph/ to tlui skin ; it is abolished 
when the local nerve fil)res hav(» degenerated. It is still obtained if conduction 
in the sensory nerves leading from the part is block(ul by an injection of 
[)rocaine into the n(*.rve trunk ; the reaction is therefore not a reflex through 

1 aR.G. 
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Kkj. 195.- Aiitidroinic X'a.sodilator.'i in l)or.'<al Norvt' Hoots, Axon-IU*flrx in 
tho Skin and Mecliaiiisiii of Flare. ((T. j). 721.) 

Dorsal root ijaiiclioii ; H.V. -('utaavous 

the central nervous system, but results from a locxil axon rejlex (Fig. 195), 
i.e. a response which deptuids on the branching of nerve fibres in the skin. 
As will be shown later (p. 325) scratching the skin liberates histamine 
which stimulates local nerve eiwlings ; impulses [)ass ii|) the afferent nerve 

* The red line is identical with the *' tache cerohrale ’* found commonly in meningitis 
but long recognized as having no diagnostic sigiiihrance. 





Fio. 194.—Red Line and Flare 
in response to Scratching of 
Skin. (After L. R. Mullor, 
from Krogh, AnrUtimy and 
Physiology of Capillaries,) 
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A and its Uraiicli to dilate hx-al arterioles nivini* ris(‘ to 1 la* ** Hare. 

Jlistaniine injected into the skin acts similarly. 

(3) Wheal. —In susceptible subjects a wheal dev(‘lops on the site of t he 
r(*d liia' (Fiir. IlMi). It reaches its inaxiinuin heiLdit in about 5 minutes, and 
may project 1-li mm. abov(' the ireneral siirfacr of the skin. Tt is dm* to 
iticrmsed pcniteabililtf of the. minute vessels, wliich permits the escape of Iluid, 
closely resembling plasma in composition, into the tissue spaces. Tla^ fluid 



Faj. I {Mi. —rrticaria. F}U!iitia in inemlMT of British Merchant Navv. 
(From a, photograph hy Dr. 15. S. Kent.) 

K«‘.*<poiific to lijilit strokiii}' of skin in sensitive subject ((T. p. 110) ; note wlH'ulin^;. 


contains 1-5'?,', of protein, aial clots on .standing. As the. wla‘ai increases in 
size it gradually beeona's paler owing to compn'ssion of l-lie minute ves.sels. 
A marked art«*riohir flush mu.st be f)!esent if eHeelive whealing is to oeeur. 
beeaii.se a rich blood supply is needed to provide the nee(^ssary large volume 
of fluid. The wheal is Ta)t due [»rimarily to iia*r(‘a.s(*d inf racapillaTv pr<\ssure, 
for if the arm is comj)r(*ss(rd to produce v(*nous congestion tla* wlieals formed 
are fiwaJlcr, owing to the dimini.shed blood How, in spite*, of tlai fact that tlie 
capillary pressuni is rai.sod. If trypan blue is injected intravenously into a 
normal j)erson it does not e.seape into the ti.s.sue .spaeios, but it eloes pass into 
a wheal while it is forming owing to increased capillary permeability. 



HOT.K OF “ n ^’-SriJSTAXCK 

Tkji’lk Kksi*(>nsk fkom His'I‘aminf.—11 /nslathiHii in Jiluiioiis of 

I in 3000) is injt‘ct(!(l ijil-o tlu', skin it j)ro(incos n tyj)icrjil trif)le rijsponse. : 

(1) JiOcal di lata lion of the capillari(‘s anil v(‘niiles by <lirect action. 

(ii) \Videsj)read dilatation of snrronndinj; arterioh*s from a local axon 
rcllex. 'I'hc liistaininc stimulates local alTerent nerve* (‘iidin^s: im|)ulses 
pass up the cutaneous allen'ut n(‘rve (A, Kij^. 190 ) which branch to jtiive 
eollat(‘rals ((■, Fi^^ 195) to supjjly dilator fibre's to m'i^diboiirinu: arterifiles. 
The* vasodilate>rs conce‘rne‘el are the same as those wiiicli come into action 
wh(‘n the* periplie'ial end of a. elorsal ne'rve roeit is stimu)a.te*eJ (p. 3(tS). 

(iii) Loc.a.l increased pe-rmeability of tlie walls of the minute* ve*ss(‘Is, 

inere*ase*el exudation of iluiel and wheal formation. If the* skin is firmly 
stroke'el anel simultani'ously a histaminei solution is inoculateel, a similar 
“triple re'spemse* ” de‘V(‘lops in each case: the responses have exactlv the* 
same time r(‘la.tions as repirds onse't and disa.j)pe‘.uan(;e. The above* observa- 
tie)ns sugye*st t hat the triple* re*spe)nse‘. e*licit<‘d by heavy stre^kinu mav be due 
te) the rt'lnisr in I hr shin oj Inshnnntc or so toe chtscji/ rrhtivd sohstfinrr 

(“ 7/ " snhsttf/fre). 

Evidence for “ H ’’-Substance. —(1) Many agents caiu produce the 
triple re*spems(» ; jiricking, scratediing. frf*ezing, e>r biirnintr the^ skin, the 
passage* eif strong electric currents, the. inoculation eif irritants such as 5% 
IlCl, 5'^, NaOll, inor))hine, atre)])ine, e*anthariele‘s, p(*pte)ne ; fish 
extracts, lle*a and gnat bite*s in susceptilde subjects : alceiheilic extracts of 
skin, live*r, and lung. Many dissimilar agents all of irhich injarr (hr lissar 
thus jirexluce tin* same complex vase*ula.r re^’pense* : the* simplest explanatiein 
of this unilbrmity eif ae*.tion is that the*y all rrirasr (hr same cheatiral 
stthstaaec in the* skin, and it is the latter whie*h sets up the triple 

(2) If histamine*, is punctureel inte) the skin, a vivid Hare dev(*lops as stated, 
which fael(‘s to a ceinsielerable extent afte:?r 10 minutes. The blood supply to 
one arm is obstructed, a histamine solution is inoculate*d, the eicc-lusion of 
tlie; V(\ssels is k<*pt Up for 11 minu1e*s and is then released. The control 
arm is similarly tn*ateel, e*xce‘pt that the hista.mine is ine)culated 1 minute 
before the ve*.sse*ls an*. reh*ase*el. On reh*ase of the circulation the skin of 
botli arms becomes uniformly red {rear/ire. hifpertriaia (p. 329)), but this 
rediK'ss rapidly fad(*s. (*xce})t in tin* regions where the histamine was injected. 
As soon as the liistainini* Hares are visible their outlines are marked out in 
ink, and agai?) at suitable intervals as lading talo's place (Fig. 197). ft is 
foui]d that the fading in tluj two arms occurs siatalfaacotfshf. 'Flie comdusion 
is drawn that when histamine is iiijecb‘d into skin in which the circulation 
is arrestetl it is telaitied unchanged in the skin for f lu? full jieriod of occlusion 
and ])roduces its full elfects as soon as the circulation is n'leased. 

(3) On the basis of these findings a crucial experiment can now be per¬ 
formed. The observations described are repeated, but instead of inoculating 
histamine, the skin of a sensitive subject is firmly stroked ; exactly the 
same results are obtained as with the histamim? injections, i.e. the flare 
develops and fades in the same way in both arms when the circulation is 
released. The experiment firoves that the mechanical stimulus itself does 
not reH<*\ly produc<* the Hare, becaiis<* if that were tlie case, during the 10 

’ It is it>n‘n*stiug In nntr tluit a nrlllf stimj aciunliv cnntjiins Ijnlh liistainiiK* jukI 

ac(*tyl(rlioIiiK*. 
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minutes of vascular occlusion which followed the application of one of the 
stimuli, these effects should have passed away. One must conclude that 
the mechanical stimulus causes the relmse of sonic chcmivid substance which 
behaves exactly like histamine : it is retained intact in tlie skin during the 
period of circiilatorv arrest and produces its effects as soon as the circulation 
is released. 

The evidence so far given may l)e summarized tlius : 

(i) A large number of agents which injure the tissm^s elicit the triph* 
response.*’ 

(ii) The Hare " response to heavy stroking dev(Hops in a normal manner 
after 10 minutes of circulatory arrest, suggesting that a chemical agent acts 
as an intermediary. 

(iii) Responses which ar<* identical in all resfiects can l.)e obtained by 



Fio. in7,—Effect of Period of Vascular Occlusion on Flare Response to Injection of 

Histamine in Normal Subject. 

Left outline corresponds to left arm area, ri}jl»t outline to symmetrical right arm area of skin, the vessels 
of both arms were oceluded. A group of thn*e histamine punctures (l/:iiHKl solution) was put down 
on th(^ right forearm 1 minute after oeeluslon, on the left forearm 10 minutes am*r oeeluslon. The 
circulatory arrest was continued in each ease to the 11th minute, when both arms were released. 
The oiitUncs of the flares aroused by the stimuli were drawn at the times in minutes after reloa.so of 
vessels noted in flgiires against the corresiKindlng contours. Numbers in brac'kets represent eorre- 
spondlng times elapsing after stimuli were laid down ; (e.ff. 4(14) means outline 4 minutes after release 
of circulation and 14 mlnut4»s after puncture was performed). Position of punctures shown as 
dots. (Lewis, JUoad Vewels of Human Skin and their Responses.) 

inoculating histamine in high dilution into the skin. Thtu’c is little doubt 
therefore that some agent with a histarnine-like action (*‘ JJ ’’-substance) is 
released when the skin is injured. 

(4) That this H ’’-substance is actually histamine itself is suggested liy 
the following observations. 

(i) Histamine can lie demonstrated in extracts of human epidermis. 

(ii) The back of a susceptible subject is extensively and st^verely stroked 
till a large wheal develops. Under these circumstances the “ H ’’-substance 
might be expected to lie formed in such amounts that some might get into 
the circulation and produce effects at a distance. It is fouml that flushing and 
rise of temperature of the skin of the face occur like thosci which follow a 
subcutaneous injection of ()*06 mg. of histamine (p. 837) ; even stimulation 
of the secretion of gastric juice may result (p. 338). 

The physiology of histamine is fully discussed on j)p. 330 d setp 
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Effect of Heat.— (I)Logal 
Rffkcts.—I f tho arm is pliirifrod into 
a bath of water at 4U° 45‘' C., marked 
reddening of the skin takes j)la(je owing 
to dilatation of tlie minute vessels. 
Tile res|)oiise is brought about in the 
following ways : 

(1) Hy the direct action of the rise 
of t(*inj)erature on the eapillari<‘s and 
the release of ‘‘ II "-substance. 

(ii) In aihlition, rvjlex dilatation of 
the iiinl) arterioles and veins takes 
place, which leads to an increased 
blood flow through the skin. 

(iii) At still hiffftr.r teni|>eratures a 
typical hare, wheal, and blister are 
produced owing to tln^ formation of 
large amounts of the “ 11 " substance. 

Tf the vessels of an organ are 
irrigated witli saline at 12' C., tlui 
dilatation affects iirst tin* capillaries 
and later the arterioles : similar changes 
proliably (uamr during tissin^ activity 
when th(^ tempmaliire of the active 
organ rises. As jiointed out on p. 18, 
local iieating produci^s a marked ris(^ 
of ca])illary pressure in the. skin, 

(2) R K MOTE E F F E (' T s.- -Heat 
apjilic'd, e.(/. to the h*gs, ])rodu(5es dilata¬ 
tion of skin blood vessels elsewhere*, 
especially in the face ajid hands. Ihe 
effect is mainly due to the warmed 
blood acting direvtUf on the vasomotor 
centre inhibiting its tonic " vasocon¬ 
strictor discdiarge. |A similar effect is 
produced by introducing warm water 
into the stomach (where the tem])era- 
ture nerve endings are few).] But as 
the reanote vasodilatation still occurs 
though to a. smaller extent after occlud¬ 
ing the blood vessels of the lujated limb 
(to prevent the heated blood from 
entering tlie general circulation) a rcjlcx 
effect from temperature n(*rve endings 
is also involved. 

Fig. Ih8 shows the effects on the 
finger circulation jiroduced by ])lunging 
both legs into water at C. : there 
is a rise of blood temjierature as shown 
by the increase in rectal temperature ; 



Fu^. 108. - t'ttccts of Heating and Cooling 
Podv on CinMilation in Fingora. 
(\\'ilkinaf7rd.,67/?/. I0;i8,;i,4(>7.) 

Kt'cordrt IVom jibovt! downw.inlH: rectal 
trm|»eralure ( C.) ; trinp<‘niture of .skin 
of (■ (’.) and room l.«*inperat.un; ( (’.); 

Ilnfier l)lood (low (c.e. ien c.c. of llnper 
volunu* minul.f). 

At the lir.'^t arrow the less were immersed in 
water at 4r»' i\ lU^ctal temperature Koes 
up (from to C.). Temperatnre 

of tip of riijbt forellnger (FiuRer Temp.) 
and blood flow in ri^lit middle linger both 
increase markcilly (cf. Fip. 217). 

At. the second arrow* the legs w’ere Immersed fn 
water at C. Finder tenn»erature and 
blood Ilow' and rectal temperature ail fall. 
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KFFE( T OF ('OLD AXD LKDIT 


tlio skill a.rt(*ri()]t‘s dilalo jis shown hv' tho increased locid teinpeniture and 
local blood How. Musch* blood How, however, is unaltered. 

Effect of Cold. —(J) Local KFFKin’s.—(k)ld produces complex effects ; 

(1) Tluire may be sli^;ht pallor of th(‘ skin with arteriolar and (;apillary 
constriction ; this is best seen when skin reddened by warmth is plun^eil into 
colder wat(»r. W'hitvnimj of tin* skin from cold is abnormal, and its firoduction 
is not fnllv umhu'stood. 

(ii) If th(? hand is inimcrs(‘d into very c(»ld water (b ’ 10" F.) for 5-JO 
minutes, the skin Ix'comes a bright m/ colour which is indistin^uishalile. from 
that produced at a temperature of ir)"" C. The arterioles are contract(‘d but 
the minute vessels an* dilated. One would hava* expect(*d cyanosis to develop 
(ef. (iii)). At temperatures under It)^ (J., how(‘ver. oxyh.emojilobin und(*rjioes 
very little dissociation, and tin* oxidative a(‘tivitit‘S of the tissues are also 
verv depressed, so that in spite (d the ina(h‘(piate and verv slow blood How 
throujih the part, tin* luemotzlobin is not suniciently reduced to f2;ive a dark 
tint to the bloo(l. 

(iii) At skin temj)eratures of 20 -25*^ F. ct/aHosIs may develop. Tiie 
vascular chancres are similar to thosi* d(‘scribed in (ii) ; om* must presume 
that at this critical tem])erature the blood How is reduc(5d more than the 
oxygen utilization by the tissues ; conse(juently tin* oxyha'inoglobin undergoes 
extensiv<; reduction and a dusky colour appears. 

(iv) Frerzimj tin* skin nssults in ext(‘nsive cellular damag(‘ and liberation 
of‘‘ H ’’-substance with the usual triple resf)onse. 

(2) IIkmo'I’K Efffcts.— (’ohl a])pli<‘d to a ]>art (rj/. the h‘g) produces 
remote effects as well (c.//. in the fingers (Fig. iOS)). Tin* vasomotor cent re is 
stimidated both directly by tin* cooled blood reaching it and chi(*lly rellexly 
by afferent iTiipulses from the cooled area. Tin*. r(‘sult.ing vasoconstriction 
((\speci{illy ill the hands and ft‘(‘t) may lea,d to a ris<* of lilood pressure : (the 
latt(u* change is nu'asured in tin* cold preasor test i) : the blood How through 
muscles is unchanged. 

Action of LigJit. Exjiosure of tln^ skin to strong liglit })roduc.(‘s. as is 
w(*ll known, an erythema. J^'insen exposed the skin to tin* rays from a 
candh*-power lamp ; after tw(*ntv minutes the whole, area becann* uniformly 
red. This erythema is dm* to the effect of the heat, and diminishes in 2 hours. 
.After 3 hours, erythema due to light appears, reaches its maximum in 12 
hours, and decreases after 2 days. The n*dness is associated with capillary 
dilatation and stasis. If tfie skin is juvvionsly eov(*red with a, fflass plate, 
which keeps hack the ultra- violet rays, the delayed erythema is not obtaiin'd ; 
on the otlier hand, roc/,- crystal, which allows these rays to pass through, 
affords no protia^tion. IJght eiytlnuna is thus due to tdtra-violel rntfs. 
Lewis sugg(*sts that iiltra-vioh^t rays act by causing a slow release* of 
tinj J1 sul)sta,nce in tin*, skin. The visible sjioctrum, however, can also 

^ (UtUI pressor test .—The rise of liloixl pressiirt* (mainly rejtejr in origin) produced by cold 
is determined as Inllows. Tfie siihj(*et n'sls in the suf)ino position for 20-(>0 minutes in a 
(juiet room so that liis hlood f>ressure Jails to LasaJ level ; a eutt is wraf»p<^d round one arm. 
One hand is dipped int(> iced water (at 4° C.) to a y>oint just above the wrist; the hlood 
pressure is ri?ad at MO aud GO sc^eonds. The liand is removed from the water and hlood 
pressure readings taken every 2 minutes till the basal level is regained. In normal 
suhjeets the maximal rise oeeiirs after MO secomls and Ihe rise is ovct in 2 minutes. A rise 
of nion^ I lain 20 mm. Hg systolie or Ii5 mm. Ilg diastolic is regard(‘d an excessive reaction 
and suggests that the suhjt^et’s vasomotor retlexfrs are exaggerated. 
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aot on tlui capillaries if it is employed in sudiciont concemtration and for a. 
lon^ enough time. The erytheitia in Finsen’s ex})erim<;iit disappciared in 
10 days and was followed hy pi^iTientation and destpiamation. The effect on 
the (capillaries, howev(n*, was of an enduring nat.ure, as shown l)y the fact that 
wIkmj f) months la.t(*r tin? skin of tin* arm was rij)>l)(‘d, the an‘as which had 
Ixccn expos(*d in tin* experiment IxH-.ame redd(‘r than the other jjarts of the 
skin. 

Reactive Hyperaemia. —The circulation to a limb is completely obstructed 
for a p(*riod of, sav, 5 miniit-(‘s by means of a snitablv inflated blood pn*ssure 
cuff. 1’he obstruction is then r(‘moved. Within a few' seconds the skin distal 
to the block flushes briirhtly, attaining its maximum colour at onetc, and 
l>(*com(*s hof t(*r : tin* volume of tin* pidse is incrc^ased owin*^ to lowered local 
diastolic pn*ssiire and coTis(*(]U(*nt.ly <freat(*r ])idse pressure. Tln^ culaiieous 
hyj)era'mia declirn*s af’t(*r 20 dt) s(M*onds, and is •lone in a few' minutes. The 
blood flow diarizes can be studied (piantitativ(‘ly by means of venous 
occlusion pl(‘lliysmo^raphv (p. .‘iO.o). Fi^. show's that aft(*r b minutes' 
ischiemia thei’e is an increase in tin* f()r(*arm blood tiow from a basal h*v(*l of 



Kn;. lUU. Cli.iiitifs ill Mnscli* 1 >|(»<hI t'low tnun Kx(*ms<* ,inr| IscliiiMniM. Knirarm 

ll».w ;nul aftiM- I iniinUcs' (-ontiiiiiniis <*\orc'isr (conliinKHis iin(‘) and ."i niiinilos' 

isclnnmia (hroknii line). I’iinr in ininutf.s afli'r end of ischannia or exrrciso. Tin* 
ililator I’rsponsc to is ^ivaltT lait more transitait. ((irant, Clni. Sn., 

IlKSS. :j, 170.) 


2 c.c. to about 38 c.c. j)er 100 e.c. iier minute. This enormous inciv.ase is due 
mainly to dilatation of nmsdc vess(*ls. The duration ol the ocelusion deter¬ 
mines the d(.*^re(*. of resultinji liypera*nua ; occlusion lor 0*o, 1*0, o, and jo 
minut(‘s r(*sp(*ctively increased the blood ilow in an arm (per 100 r.c.) from 
1 c.(^ to 3, 7, 10, arid 12 c.c. per minute (Fi^. 200). 

Durinj; reactive hyi>era*mia. a larfjjt* incrt*a.se also occurs in the cutaneous 
blood flow' as can be i!if(*rrtd from the rise of skin temperature ; it can be 
eonv(>niently measured in studies on the hand w'hieh consists mainly of skin. 

Tlie vessels concerned in reactive hyper-emia are (i) the capillaries which 
11 * 
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F(ETAL CIRCULATION 


dilate, accounting for the flushing of the skin, and (ii) the arterioles which 
dilate, accounting for the increased blood flow ajul pulse volume and the 
local rise of temperature. These changes are probably due to the accumula^ 
tion during occlusion of dilator inctaboiit(*s, known or unknown. We may 
go some way towards identifying the agents concerned. If a limb is made 
ischaemic in animals by blocking the arterial supply, the venous outflow on 
releasing the circulation is said to contain an excessive amount of members 



‘/2sec 

Fici. 200.—Ell’ert of Duration of Occlusion on Ann Blood Flow during RwK'tive H.y])er- 
fcmiu. (Lewis and Grant, Hearty 1025, 12.) 

Arm vuluine records of normal human auhjeci Uikcn with a plctiiyainoKraph. Two ciillft are jdaml on thi^ 
upper anil (above tlie pletljysmoj'raph). one above tfie other*; the ui>per Is tronneefeil with a reservoir 
fltundiin^ at a pressure of :iriO mm. and Is used to oet'hide the eireiiiiition completely. J he pressure 
in the lower armlet is raised to 70 mm., /.e. well above the normal venous pressure. Ocalusion is 
mainUiiiied for L f • ‘‘Oid l."» minut<‘s respectively, as shown in the records in the At “ Ueiease ” 

(indicated by the arrow) the pressun? in the upper armlet is ahrii|»tly released. Arterial blood at once 
begins to II iw into the limb, but the vemtus ontdow is prevented by the lower pressun; eulf. The 
subsequent iiuTease in the volume of the limb (rise oft fie curve) is a measure of the rate of arterial 
inflow into tlie limb. It is eompared with the lowest curve (normal) in wbieb (he n|»p(;r (“ occluding”) 
cuH was not inflated and the pressure was raised only in the lower (” collecting ") cuff, 'fhe difl'crcnce 
in ascent of the control and experimental curves is a ineasun; of the vasodilatation taking place, 'fhe 
absolute rates of inflow (in c.c. per minute) were: control 4; cxiierlinental ;u, 40, and 05. The 
arm volume was 4(iU c.c. 


of the adenosine grou'p and sometimes histamine ; these, and local acidity, 
may be the main agents concerned.^ These sul)stances are possibly 
normally concerned with regulating the calibre of arterioles and capillaries 
(pp. 317, 320). 

Ischflomia lasting for 10 minutes produces a gn^ater degree of hyperffimia 
of a limb than does soaking it in water at 43"^ 0. for half an hour. Reactive 
hyperaemia also follows venous obstruction. 


FCETAL CIRCULATION. PATENT DUCTUS ARTERIOSUS 

Foetal Circulation.® —The peculiarities of the fretal circulation may be 
related to two fundamental facts : 

(i) The “ functioning foetal lung ” is the placenta, whieh is situated on 
the systemic; circulation ; the umbilical artery thus corresponds to the 

^ These dilator agents may also be responsible for promoting the establishment of a 
collateral circulation when the obstruction is of a lasting character. 

* Barclay ft al., FfvUil (Jirculation, Oxford, 1944. Barcroft , ResmrehRS on Prenatal 
Life, Oxford, 1946. 
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postnatal piilinonary artory, and the umbilical vein (which brings oxygenated 
blood to tli(i foetus) corres|)onds to the pulmonary veins. 

(ii) It is iKJcessary to supply blood at the highest i)ossibIe oxygen pressure 
to tlie fcr'tal brain. 'JV) achieve this end the “ arterialized '’ umbilical vein 
blood, mixed with the com|)aratively small venous return from the lower 
half of the body, passes along the inferior vena cava to the right auricle 
whence it is mainly diverted via the patent foramen ovale [via sinistra] into 



Fig. 201 .—Schema of Fceta! Circulation. (Diagram drawn 
liy Prof. David Slome.) 

J).V.»sductU8 venoflUb ; n.A.<»ductus artcriubus ; 1*.A.—pulmonary artery ; P.y.««pulmoiuiry vein. 

the left auricle. This blood, which is reasonably wtU oxygenated, passes 
into thc! left ventricle, the aorta, and, via its proximal branches, to the head 
and arms. 

(iii) As the fcntus, in ulero, does not breathe, the whole of the output of 
the right ventricle is not sent to the lungs : most of it is diverted via the 
pateM ductus arteriosus to the aorta. 

The details of the fodal circulation are as follows * (Fig. 201) : 

(1) The oxt/ffenafed blood from the ])lac<mta travels in the umbilical vein 
to the liver. There, part of the blootl goes via the ductus venosus directly 

^ The account is based ttiainlv on studies of the circulation in the living sheep foetus, 
but in csMCuiials the description probably applies also to the human fa*tus. 





;i;}2 ( IlU rLATORV CIIAXCiKS AT HIliTII 

to till* iiilVrioj- V(‘iui fiiva ; the rest is distributed to the ioi't two-thirds of 
the liver by oHslioots of the uinbilieal vein : tin* ri^lit one-tliird of the liver 
receives the blood from the [lortal vein. The non-ductus blood leaves tin* 
liver in the hepatic vi‘iiis. The interior vena cava thus reci'ivi's : 

(i) oxv^enated bluod \ ia the ductus venosus, 

(ii) less oxygen a t<‘d blood via the. hepatic veins, 

(iii) verv i‘(*duci‘d blood from the Jiind jiart ol the body. 

(2) In the i'iffhf auricle, the inferior caval blood is divided into (wo 
streams, a lar^e h*ft and a. small ri^ht one. 

(i) The lar^e left stream which consists mainly of oxy.Lnenated ductus 
venosus blood, jiasses through the toramen ovale [via sinistra) into the /c// 
auricle ; then* it is joined by a small volume of r(‘duced pulmonary vmious 
blood. The left auricle dischargees into the left vi‘ntricle which (‘xpi‘ls its 
(oxyjeenati'd) blood into the aorta, whence it passes mainly to tlie coronarii's 
and via the carotids to the hraln ; it also <j:oes via the subclavians to the 
arms. 

(ii) The small ri'eht stream is joined by the very reduced blood from the 
siijicrior vena cava and the coronary sinus. It is dischaiLeed from the riLrht 
auricle into the ri^dit ventricle and thence into t he pulmonary arteries. Most 
of tin* blood is diverted via the ductus arteriosus into the aorta ; tin* small(‘r 
residue flows through the bines. At their )>oint of union the ductus arteriosus 
and aortic arch are approximately of eipial diameter. 

(;j) Beyond its junction with the ductus a.rteriosus the aorta contains a 
mixture of blood, most of it reduced, which has entereil via the ductus 
arteriosus ; the balance is oxygenated blood which has tlown on from tin* 
more proximal part of the aortic arch. This mixed aortic blood which is 
poorlv oxygenated is supplied to tin* distal parts of the body (abdominal 
viscera, body wall and hind lindis). 

(hRCiJLAToiiY (.’HANCiKS AT BiKTU. 'Duriue, or shortly after, birth im¬ 
portant circulatory cha,ng(*s take place. 

(1) Closure of the Ihuhi/ieal rc.s.vc/.v.- This occurs as a, ri'snlt of ac.tive 
contraction of the smooth muscle coat ot the.si*. vessels: the nature ot the 
stimulus is not known, but it is not nervous as the umbilical vessels ari^ devoid 
of a nerve su|)[)ly. If tin? vessels are torn a(?ross tin? mechanical stimulus 
jiromotes a powerful contraction of the vessel walls. During the time that 
elaf)ses betwe(*n birth and tin* closure of the umbilical V(‘ss(*ls, the greater 
part of the blood in the cord and ])lacenta, is transferred to the child. The 
cord should not be ti(*d until pulsation in it has (?eased so as not to deprive 
the infant of this extra supply of blood. With the cessation of the venous 
return along the umbilical vein the volume of tin* liver and spleen falls ; the 
portal vein blood now supplies (lie Avhole liver instead of one third only. 
The smooth muscle sphincter at the junction of the ductus veno.sus and the 
umbilical vein contracts and prevents any backflow of venous l»lood into the 
umbilical vein. 

(2) T]w foramen ontle (via sinistra) is closed owing to the folding up and 
ap])osition of its valve. This (rlosure follows the on.set of respiration and 
alwav^s preced(*s the (‘losure of the ductus arteriosus. 

(3) The dactus arteriosus closes by contraction of its thick muscle coat 
a few minutes after breathing has commenc(*.d. This response is the result 
of oxygenation of tin* blood and not of gaseous distensioJi of the lungs. 
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(iii) This (Miorinous incretise in the work of the left ventriele (equivalent 
to that occurring in free aortic regurgitation) leads to an increase in its size : 
the left auricle enlarg(^s for the same reason. Of the JH litres entering the 
aorta, 12 litres (as already mentioned above) are shunted via the ])atent 
ductus into the juilmonary artery and only b litres ])ass to the peripheral 
circulation to supply the tissues. 

(iv) The leak into the pulmonary artery (from the aorta) which continues 
throughout the cardiac cycle gives rise to a continuous hum and thrill in the 
second interspace, to f)rominence and increased excursion of tln^ puhnonarv 
artery, and to congestion of the pulmonary bed. 

(v) The systolic blood ])ressure ri.ses little, in spite of the. great lelt 



OPERATION OPERATION 

Kio. 203.--Systolic and Diastolic Blood rrcssurc at 
Bost and after Kxcrcisc bctbrc and after dosing 
ductus in casc^ of J^itent Ductus ArttTiosus. 
(After K]>j)inger el «Z., »/. din. Invvstiq,. 1V)41, 

20, 141.) 

Note that after fyinK the ductus the diastolic and pulse 
pressures full. 


ventricular output because the leak out of the aorta occurs throughout, 
systole ; diastolic; pressure, however, does fall to 40 50 mm. Hg) owing 
to the abnormal leak during diastole. The other art(*rial phenomena of 
arterio-venous aneurysm (detailed on p. 298) may be present. 

(vi) The Og content of the blood in the ventricles, aorta, and pulmonary 
artery, proximal and distal to the point of entry of the ductus arteriosus, in a 
typical case of patent ductus is shown in Fig. 202. The blood in the. right 
ventricle and the proximal ])art of the pulmonary artery had an Og content 
of 12*1 c.c.%. The blood in the left ventricle and aorta had an Og content 
of 17*3%. Owing to the large volume of arterial blood which flowed from 
the aorta along the ductus into the pulmonary artery, the Og content of the 
blood in the distal part of the j)ulmonary artery rose to 15 0%. 

(vii) After the patent ductus arteriosus has been ligatured at op(*Tation, the 
thrill and murmur disappear, the heart becomes smaller, the diastolic blood 
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pressure rises (Fiji. 203) and the left ventricular output falls to ef|ual that of 
the riglit ventricle.* 


PHYSIOLOGY OF HISTAMINE. TKArMATK! SHOCK 


Histamine.® —Many tissues contain histamine; species variations are 
marked hut usually the concentration is hijihest in the lungs and skin. This 
histamine is normally condiined in the tissues in some form which ])revents 
it acting locally or heiv\g ndeased into the circulation. When tli(‘ tissue is 
acted on by ap])ropriat(‘ stimuli, some of its bound histamine content is 
released in a phar?nacologically active form. Blood histamine is chiefly 
present in the cells (granulocytes and ])la.telets) ; the amount in the plasma 
is minute.® 

Histamine is //-irninazolyl-ethylamirH* ; tlie body store of histaniine. is 
derived originally from the important amino-acid histidine (iininazolyl- 
fz-amino-propionic acid) l)y removal of ('(> 2 . This decarboxylation may 
result from the action of bact(‘ria on the food l»efore it is eaten, or may 
oc.c.ur in the bowel ; the histamine thus fornuMl is absorbed chieflv from the 


’ The “peripheral blood flow,” “total pulmonary blood flow.” and the “shunt” as 
defined above can be deleniiined at operation in man by etilleeting (by direct puncture) 
the following blood samples and determining their Ojj content: 

(rj) Mi.\e(i venous blood from the right ventricle, 12*1 c.c.% ( = V). 

(b) Arterial blood from the femoral artiTV, 17*3 c.e.v^ (—A). 

(c) Blood from the pulmonary urtcry distal t() the patent ductus (mixture of mixed 
v(mous (right ventricle) and arterial (aortic) hlood), ITidi c.e.% ( —M). 

The Oj consumption per minute is determined in the normal way (p. 375), and is, 
e.ff., 312 e.e. 

(I) Bight ventricular output (:--“ peripheral blood flow ”) is determined by the usual 
Fick principle formula (p. 278), i.e. : 


eonsumptioii 312 


X K)0— (> litres yK»r minute. 


(2) To determine the degree of “ shunt ” and <*onserpiently the left ventricular output 
the following facts must he considered. In the pulmonary artery each 1(M> c.c. of right 
ventricular blood (i.e. V) containing 12-1 e.r.^;, of Og mixes with an unknown volume 
(x c.c.) of aortic arterial blood containing 17*3 c.c.% of O, (—A) to give 100-fa; c.c, of 
total pulmonary blood flow containing 15*6 c.e.% of O* ( —M). The following formula 
(for which I am indebted to Sandra Wright) can be used to determine x: 


\KK)-f a-/ ViOOf a:/ 


=M. 


Substituting the values quoted. 


A-af 

100 (15-6-12.1) 
17-3-15-6 


.-=205 c.c. (say 200 c.c.). 


In this example the volume of shunt via the patent ductus (in relation to every 100 c.c. 
of right ventricular outflow) is 200 c.c., i.e, twice the simultaneous right ventricular 
output. As the latter is 6 litres per minute, the shunt flow is 12 litres per minute and the 
total pnlmnnarv blood flow is 18 litres per minute which equals the left ventricular output. 

* Best and McHenry, Physiol. Jiev., 1031. II. 371. Symposium, Ann. N. Y. Arad. 8ei., 
1960,5^,1013-1208. 

® Ilistamiue (;aii also be extracted from certain peripheral nerves which are believed to be 
histaminerqic. i.e. produce pcripberal otfeets by releasing histamiiK* at their <*ndings. 





ACTION OF HISTAMINE ON C IltCTJLATION 




ih'iini. A sjM'cilic histanniip decarboxylase is present iji some orphans and 
it may form histamine from histidine locally. 
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Histainim* is ra])idly destroyed by an oxidast* called Juslaunnasc which 
is pn'simt in many tissues and especially in the kidney and placenta. 
.1 listaminase is, however, not sfiecific in its action : it also acts on many 



Fig. 204. —Action of Histamine on Circulation. 

Cj\t. lUT<»ri\ of luirot luvj. of liisOimiiH-. Tin* snooiid ImH Iciwj is lli«> prrs.sun! froiii 141) 

tti .‘lU niiti. jiikJ Ic.uls t<i r«*sjjiriit<»r.v fiiihiro. .uni n.’iiai.iw, ,/. l^ktixioL, I01.U, .‘J:*.) 

oth(*r diamines, v'.c. it is n*ally a diainino-o.xidase. The blood histaminase 
is fi^reatly rais<*d in pregnancy, its source liein*^ tlu' jilacenta. 

Histamine is reflated to various bodily jirocesses : (i) it may be a normal 
dilator nudabolite which is r<deas<*d tlurinji //ssai? arlivitff or durinj^ ischwona ; 
(ii) it is ndeaseil when c(n’tain tissues are Injarvd^ in response to inf<T.lio}is 
and in ana]>Jiffla.vis. It is convenient to consider its |)harmacolo;jrical aclaons 
in detail first; the species diderences are many and important. 

(1) (hiu'ULA'i'iox. Intraveiu)iis injection of histamine in minute*, doses 
jiroduces a marird fall of blood 'p)rssare^ (Fig. 2(M). The (!lassic.al studies 
were carried out in tin* cat in which species it can be shown that histamine 
dilates the cajiillaries but constricts the arteriol(*s. Tlie circulatory effects 
in the cat an*, as follows : 

(i) Iviiial Puhnonartf Constriction. —The sharj) initial fall of pressure is 
due to temporary constriction of the pulmonary arterioles r(*.sulting in 
interference with the out|)ut of the right ventriede ; there is consequently a 
diminished inilow into the left ventricle and a smaller output into the 
^ In tlie rabbit a rise of blood pressure ociairs. 
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systemic circiilalioii. TIu* lijjchl. ventricle s(M.)n recovers and resumes its 
unembai'rasseci activity, and the blood prcNssiire mav recov<‘r slightly. 

(ii)^ Phase of ('aptliar// Paralt/sis. There is s(‘condarily a steady f)rolon"ed 
fall ol blood ]ne.ssure which may l(‘ad to circulatory I’ailure, inadeijuate 
blood flow to the, brain, and cessatioji of respiration, 'fliis serotol, lastittf], 
ifepressor effect is mainly or wholly du<* to capillttr// patahfsis and occnirs in 
spit(i of at ter tolar cottslrtcftott. 

The evidcfico (in tin* (!at) is as follows : 

(a) Arteriolar eoitsincliott — A pijn*Iy arterial syst(‘m can be f)reparcd by 
enttinj; the mesent(‘ry at its attachment to the intestine ; the superior 
mesenteric artery aiid its branches are then p(‘rfused, and it is found that 
histamine diminishes the rate of e,scaj»e of llui<l from the cut end, indicating 
that it constricts the arterioI(*s. 

{It) //cf//7. - Jlistamine does not directly depress the activity of the 
isolated heart perfused through the cororiary vessels ; if the heart is exaitiincd 
in the intact animal poisoin‘d with histamine, it is found be beatine forcibly. 
In spite of this, however, the card tat' oat pat (in the second staue) Is vertf stitall. 

(c) Capillar If paraltfsls .—The fall of blood pnvssure has thus occurred in 
spite of arteriolar constricti(»n and a forcibly actiiiL^ heart: the obvious 
cause of the fall of blood pressun* is the poor cardiar oaf pat. As this is not 
due to a ju’imarv cardiac disorder it must be the result ot a IViilnre of the 
venous return whi(}h in turn results from "eneralized capillary paralysis, 
wliicji call l)e r(*adiiy de,nionstrat<‘d as follows : 

(a) In sj)it(^ of the art(‘riolar constriction the int(‘stim‘s, pancreas, and 
other solid viscera, are ittfeascltf cota/csted and (e(h*matous. 

(/^) The nerv(‘S ^Jjoin^ to the limb of a cat are sever(‘d ; the arterioles 
relax (l)eca.use the vasoconstrictor nerves have, been cut) and the limb 
becomes warm owing to the, larger blood flow through it. d’lje pad of the 
foot remains pale, indicating that the capillaries are (a)ntra.(*,te,d in spite of 
full arteriolar dilatation (cf. [>. Tlie injection of histamine at once 

makes the pad tlush because it paralyses the (capillary wall, which now gives 
way before the arteriolar pressure. 

(y) If a histamine* solution is dal)b<*d on to an organ like the pancreas it 
becomes Hushed with blood ; as the arterioles an^ contracted, the increased 
vascular content of the organ must be due to capillary dilatation.^ 

(<S) Decreased plaftttta vohctite .—Histamine increas(‘s the pertaeahilittf of the 
capillaries (p. 13) so that protein and tlui<l escape from the vessels into the 
tissue spaces, still further reducing the volume of circulating plasma (and 
further aggravating tin* circulatory collapse). The red blood count per c.mm. 
and the hicmoglobin percentage consc<|uently rise. 

Action i.\ Man. In man (and also in the dog and monkey) histamine 
produces arteriolar dilatation in addition to capillar/f paral/fsis. A sub¬ 
cutaneous injection in man of ()*3 mg. of histamine causes general Hushing of 
the skin, a rise in its t.em|M*rature of \ ' or 2'’ a small (h'eline of systolic, 
a great fall of diastolic, pressure, and a rise of pulse rate ; the Hush is most 
consj)icuous in those parts that an* ])r(‘,viously red. Even doses of O-OH mg. 

* TIk* coroMary v(‘sscls may lx* constrictcH or «lilal<‘<l (<l<*nctnling «)n Iht* spc<-ii‘s); both 
pulmonary jirt<Tics ami v('ins are «xinslrieied (as noted on p. fn the doe, histamine 

contracts the ring of inuHele at the point of cnlranee of the hepatic vein into the inferior 
vena cava with resulting intense engort/emenl of tM liver and other a bdominal viscera. 
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cause flushing of the skin of tlie face and a. rise of 0*5° C. in its temperature 
(cf. p. 320). 

There is dilatation of the vessels of the brain and a rise of cerebrospinal 
fluid pressure. This leads to stretching of the dura mater and consequent 
stimulation of the local sensory endings of the fifth nerve. These changes 
may account for the headache which so regularly follows injection of histamine 
in man.^ 

The action of histamine on the human skin is discussed on p. 325. 

(2) Smooth Muscle, —This is contracted throughout the body, including 
the muscle cont of the bronchioles, intestims spleen, and uterus. In the 
guinea-pig the broncliial spasm may cause death from asfdiyxia (Fig. 205). 

(3) CIlaxds.—T here is increased secretion of saliva and a very marked 

flow of (jastrir juice (the latter 
response fornis tlu' basis of the 
“ histanone test ” (p. 583)). 

Repeated injections may produce 
gastric ulceration ; if the gastric 
mucosa is damaged, histamine 
may delay healing. It has no 
direct secretory effect on the 
pancreas; increased pancreatic 
secretion is produced by hista¬ 
mine only when the pylorus 
is open but not if it is tied 
off. 

Role of Histamine in the 
Body. (1) Relation to In¬ 
jury. — It is released when 
human skin is injured and is 
responsible for the vascular 
changes constituting the frijile 
response ([>. 325). Its doubtful 
role in traumatic shock is con¬ 
sidered on p. 313; in ana- 
phylactic shock and haclerial infections (infra) ; in hums on p. 344. 

(2) Dilator Metabolite. —It is claimed that histamine is released from 
skel(»tal muscle during activity ; it may be an im])ortaiit m(*tabolite formed 
generally during normal tivssue activity. It may also be one of the dilator 
agents responsibh? for the. v'asciilar changes of reactive hypermmia (p. 330). 

(3) Role ok Histamine i.\ Anapityla(tto Shock ^ and Infection.— 
Anapliylactic shock is pro<lu(^ed as follows : a small amount of a foreign 
protein (the “ antigen,” or “ antigenic protein ”) is injected into an animal ; 
some days or weeks afterwards the same protein is injected a second time. 
The animal becomes gravely ill and may die even when minute doses of the 
protein are used on the second occasion, doses that are perfectly harmless 
when given as a first injection. The first injection of “ antigen ” thus produces 
a state of hypersensilivily or anaphylaxis, which is demonstrated by the 
appearance of serious symptoms of anaphylactic shock when the injection is 

* Hess and Pickering, Clin, Sci., 1933, 7, 77. 

- Dragstedt, Physiol, Rev,, 1941, 21, 563. 



Fio. 205.- - Action of Histamine on Bronchial 
Calibre. 

Pithed guinea-pig. The expansion of the artificially 
inflated lungs is recorded grapliically and varies 
directly with brouciiiular calibre. At A inject 0*5 
mg. histainliie. The bronchioles close completely 
as shown by the cessation of rhythmic expansion 
of the lungs. At B Inject 6 uig. atropine, which 
Is quite ineffective in overcoming the spMm. 
(Dale and Laidiaw, J. Physiol., 1910.) 




THAI MATIC SHOCK 




rr|>efit/t‘(l. n*s|)ons<‘ is hijilily .s})(*<*iiic itiid exjirt ly tlu* saiiK* protriii nnist 

be used on the iwo occ-iisioiis. 

The chief symptoms of anajdiylactic shock ciilTer markedly in different 
species ; on the other hand, the syiri])toms of anaphylactic shock resemble 
those of histamine poisonwf/ in the same species. Thus in both conditions 
intense bronchoconstnetion develops in llie ^niinea-pi^; in the do^ both 
produce constriction of tlu* hepatic veins h‘adinjjf to eimorir(*nieiit of the 
liver: in the rabbit ])oth produce constriction of the piihnonary arterioles. 
Anaphylactic shock is ;;iceoni])anied by the re(('as(‘ of histaniiin*. : (i) the 

inj<‘ction of the sf)ecific anti.ir<‘nic protein into a siMisitizeil animal h‘ads to 
the aj)])(‘arance of histamine in the blood, (ii) (f th<‘ antitJenic prottdn is 
added to the fluid whiefj is p(‘rfused through th<‘ lun^s of a ])r(‘viouslv’ 
sensitized animal, histamine is releas(‘d and appears in tin* oiitllow flui(i. 
This histamine is not. newly synthesized but is r(‘!eased durinii the exj)erim(‘nt 
from sotne closidy related ]»r(u*ursor. 

The results described may be interpreted as follows ; the tirst inj(‘Ction of 
the antigenic protein leads to the formation of a specilic antil>ody which is 
found in the cells of dilferent organs. When the antigen is injected a second 
time, it reaches the tissues and then^ reacts wit li tin* antibody ; following this 
union toxic substances an* liberated but tlndr e.xact source is unknown. 
These toxins damage the cells in whicb they a})pi‘ar; one of the ri‘siilts of 
such tissue injury here as elsewhere (rj/, in I he skin) is tluj reh^ase of histamine ; 
other substances are doubtless also formed. If the histamine is reh'ascd in 
the lungs, it produces charact(‘ristie bronchoeonsf riction and swelling of the 
lungs owing to exudation of Iluid ini.o fhe alvaudi iVom tin* poisoned and more 
p(*.rmeable capillaries. 

On this theory the symptoms of aiiaphylaetie shock residt from : (i) ir/r/e- 
spread tissue damarje resulting froTii the ai*tion of the locally released toxic 
firoduct of the antigcui-aritilKKly n^action ; (ii) hislaminc pitisoninfi, both in 
the organs in which it is primarily rej(‘nsed and elsi*wlier»‘ as a result of its 
absorption into th(* gcjieral cireulafion. 

When certain baeferiai (oj'ins [c.fi, .stajdiyloeoeca)), or snake eenoms^ 
wJiich damage tissm*s an* perfu.sed through the lungs, tliey may cause 
histamine to be liberated. Hut again it must lx* stress(‘d that tin* toxins 
and venoms also damage tlie tissues directly and in ways not involving the 
mediation of histamine. 

Traumatic Shock. —When a. clinician describes a j)atieiit as being in a 
state of “shock,” he is not diagno.sing a specilic discnise but is employing a 
convenient labtd to attach to a clinical syndrome, i.c. to a fairly clearly defined 
group of symptoms and signs. “ Spinal sliock " is of course (juite a distinct 
entity with characteristic fcaturi^s described on p. bl)(). The condition of 
“ shock ” is a serious one involving danger to life. It is unfortunately true to 
say that the diagnosis of “ shock ” is so loosely and variously used that it may 
fail to give an outsider a clear iiidii^ation of Imw ill tlu* patient is, what 
symptoms and signs he displays to the liedsidc^ observer or what treatment he 
requires. The clinical state termed shock " may he associated with a wide 
variety of causal agencies : among the more important an* trauma, luemor- 
rhage, severe dehydration {e.g, from gravi* diaiTluoa or incessant vomiting), 

^ Feld berg and Kellaway, Austr. •/. exp. Biol. nn>.d. Sci., 1937, 75, 159, 441, 451 : 
J. Physiol., 1937, 90, 257 ; 1938, 91. 187. 
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severe burns, lii^li-voltage electri(*al ci]rn‘nl,s, visceral perforation, 

coronary thrombosis, introduction of foreign proteins into the body, pleural 
puncture, and great mental stress. It is })roposed to discuss here mainly 
shock due to trauma. It is customary to divide traumatic shock into primarif 
(or immediate) which comes on at onci*, and aecondar}/ (or dclaj/rd) shock 
which either follows on the ])rimary or develops after a latent period without 
manifest signs. 

Clinical Picture of Traumatic Shock. ^ Following a .sercrc injury the 
patient shows a nipid thn*ady pulse, a pallid or greying or slightly cyanotic 
appearance of the skin which is cold or moist, sweating, marked thirst, 
superficial rapid respiration, commonly vomiting, restlessness, lessened 
sensibility, a dulled mental state,’* and a subnormal temperature. Milder 
cases of shock do not show all these symptoms, and serious cases may vary in 
some of their clinical manifestations. Thus the ty])iciil picture of the wounded 
after the Battle of Alamein was that of “ a talkative, even garrulous, man, 
with ashen-gr(‘y face and beads of sweat on the brow;, tiny pupils narrowed by 
morphine, making restless, fidgety nuivtmients, keeping an a.p|)rehensive ey(‘ 
on his bearers lest his w^ound should be jarred, asking constantly for drinks, 
and vomiting without w’arning a few minutes aft(‘r each dimik.” 

(1) \ fall of hi and 'presftare is commonly mUed and is 
w’idely reganled as an indispensable foatiin^ of “ shock. ' Sonje would say 
“ no low' blood [)ressur<‘, no slioek,'’ but tins attitude is not in accordance 
with the evidence. Clinically obvious and seven* shock *' as defined above 
may be assoeiate<l w'itb a blood pn‘ssur(‘ witliin tlie normal rang(i, though 
far more (commonly the l)loo(l pressurt* is redue<‘d. evcui to l(*vels that make 
measurements impossible. Jt w'ill be shown later that after an injiiry there 
.are a iiumlxu* of factors in oj^eration that tend to lower the blood pressure : 
but the blood pr(*ssure only aetaalhf falls wdu'ii iln^ t'laborate eoinpensatorv 
mechanisms of llie body bav«* been overcome. VVben clinical shock is 
associated Avith a normal blo(»d pressure tlien* is usually inteaise vaso¬ 
constriction in certain ])arts of the ])ody, with resulting d«'(*rease in local 
blood flow' and anoxia. When the blood juvssiin* in a. easi* of shock is low 
there is probably a mon* g<*nerali/ed inade(jiiale blood supply to the organs. 
It should be rememben'd tliat the organs that an* least titted to withst^and 
severe anoxia, of any <luration are tin* brain, tin* heart, and tin* kidneys, 
rip to a poiiit the effects of anoxia on th(* orgatis are reversibh* ainl can be 
fully n*covered from if the circulaticjn is proirifjtly restored ; but if tin* 
anoxic state jK*rsists for too long a period, irreversible changes occur and 
recovery will not take ])Iace in s])ite of treatment. 

(2) Hkaut Ratk.— 'riiough the pahe is commonly rayad it may lx* slow* or 
w’ithin normal range*: thus tive eases i)f shock with a blood pressure of 
of) mm. Hg or h*ss, had pulse rates of 80, 82, 92, lf)l, arnl 70 per minute*. 

(If) Buooo..The hlmd volame is commotily reduce*el. When this is due* 

mainly to ha*morrhage, there* is a. seaioinlury flow of tissue fluid into the 
circulation, pn)elucing a fall of luemoglobin ceineamtratie)!! ami e)f Inematoerit 
value (ha modtlution). When tln^ d(*erease^ in l)le)e)eJ volume is elue to ])la,snni 
or simple fluid le)ss (rather than lexss of whole blooel) there is lanmH-onceyitration. 

(4) Kidneys.—I n shock elue to crush injurie*s ([). 3t‘f) gre>ss anatomical 
changes occur in the* kidne*ys. Ibit in othe*r gre)Ups of tramnatie* s]ie>e‘k it 

’ Cop<-, Lfnicft, lfM4, i, 702. 
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liiis ioujid t liat. I lit* ronal blt^od flow, t in* voluiiit*, of gltJUUTuhir filtrate 
and voluiiH* of urine i‘xcr(‘l(*d art* rt*dut*t*.d rt)Uglily ])ro})ortioj:ial]y to the 
de^rt'O t)f slitick. ('orlical is(dia*inia. may oeeur from closiirti nf flie iuter- 
loliular arterif>s ; the hlood is f,lieii shuiiletl via t in; juxf a-mednllary ^^lomeruli 
into the rtmal mt^Julla. (|». 2(i). 

Mechanism of Shock.* IVaumatie shock is tlnis a. ^U‘]U‘ral bodily 
disturbance following an injury which may be limited in ext(‘nt. The local 
injury mi^dit |)roduce the wides)»re;id chan.t;t*s noted in om* or both of two 
ways ; 

(1) Nkuvous; /.c. a,nert*nt impulses arisin^r in the injured area, ndlexly 
via tln^ central nervous system, modify in a harmful ma?mt*r tlie activities 
t)f various organs or systems. 

(2) llt’MoitAL : (i) by (n) local loss of Idooilj plasma, or fluid, leading to 
dt^crt'asetl circulating blood volume ; (/>) local loss of heat leading to subnormal 
body lem]>eralure ; (t-) local loss of .somt* (*ssential lilotal constituent. 

(ii) l\y absorptitiii of toxic agt'iits from tht* injnred area, into the gt'iieral 
circulation. 

In immediafe shock, it is liintly that nervous reflexes play a predominant 
part firoducing, it is believed, ndlex vasodilatation, often cardiac slowing and 
riHliiced cardiac, output and consequently rediic(‘d blood flow and thus tissue 
anoxia. Unfortunately f(*.w detaih‘d analyses of cases of this type of shock 
have laam carried out; but if tin*, suggtssf ions just made arc substantiated, 
imnuMiiate shock would turn out to be closely related to the vaso-vagal 
syndrome (p. 271) or fainting a.tta(’.k associated wdth slow heart and vaso¬ 
dilatation. Ill (Jelaj/cfl shock some fir all of the factors (mumerated above are 
probably in action to a varying extent in different cases (v. infra). On ultimate 
analysis tlu; state of shock is due to depressf^d or disordered tissue niotaliolism ; 
this in turn may be due to anoxia, toxic agents, or lowered temperature. The 
anoxia in its turn is due to circulatory failure which might be due to diminished 
circulating blood volume, to impairment of the lieart's action, or to decrease 
ill the peripheral resistanc<\ 

Animal experiments planned to analyse the causes and manifestations of 
shock suffer from obvious, serious, and not wholly avoidable defects. There 
is first the species difference, as animals may differ in their responses from 
man. The experiments are usually performed under anaesthesia, which 
eliminates the factor of conscious pain from the clinical picture, though it 
iutro<luces a comjilieatiug factor of its own. as prolonged and deeji aiuvsthesia 
can ultimately produce circulatory failure. The experimentalist further does 
not use the same criteria of “ shock ” as does the clinician ; he does not judge 
the entire clinical condition, but regards a lowered blood pressure as an indis¬ 
pensable manifestation and in fact as the main index of the severity of the 
state of shock. The type of injury employed to produce shock has varied very 
widely and the results in different scries of experiments have been regarded 
as comparable though the procedures have been significantly different. These 
remarks may lielp to explain the prescuit state of confusion of the subject 
and the difliculty of correlating experimental and clinical findings. 

Role of Specific Factors in Clinical Shock.— (1) HiEMouuHAGE.— 
The clinical results of severe hemorrhage are indistinguishable from those of 
sliock ; i.e. hemorrhage alone inav be responsible for a state of shock. In 
* (*rant ii!i(l Pffnc, b/ Man. II.M. SlatioiUM'v lUol, 
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fact most cases of clinical slnx^k sliow c}ian^(\s indicating that considerabh^ 
blood loss h.is occmrcd. In one group the outstanding features were a 
d(^crease in tin* blood volume, a lowered h;ematocrit value (indicative of 
liaMuorrhage with partial c(unp(‘.nsation by tissin* Iluid inflow), lowered venous 
fu*essiir(‘, decreased cardiac output, h»w blood pressure, and renal insufticiency. 
In a r(*presentati\ <* ca,s»‘ a f(‘\v hours after tin* injury the cardiac output was 
reduceii from (the theoretically expectial) 5*3 litres to 3*75 litres per minute ; 
the blood volume was down from 4,500 to 3,500 c.c. and the haematocrit 
value from 15“^, to Th(‘ m(‘an arterial blood pressure {i.e. mean of 

systolic and tiiastolic jiressures) ranged from 30 mm. Hg 3 hours after the 
injury to 80 mm. Hg 2 hours later. The rate of glomerular filtration was 
lowered from 110 c.c. to 20 30 c.c. per minute and the renal plasma flow from 
600 c.c. to 150 c.c. f)er miiiuf e. The calculated resistance to the blood flow 
in the kidney was incr(?ased ftmrfold, i.e, there was intense renal vaso¬ 
constriction. The flow of urine was only 3 c.c. (normal 50 c.c.) per hour. The 
total peri|jheral resistance was not signilieantly altered. Calculation shows that 
the total red cell volume belbre the iiijury was 2000 c.c.; 3 liours after, it wuis 
down to KKKlc.c. Thus 1000 c.c. of red cells had be(*n lost as a result of the 
injury, doubth'ss together with over 1000 (‘.c. of plasma ; in other words it 
appears that this pa.ti(‘nt had .suffered a hamiorrhagc^ of over 20(X) c.c. in a 
short period ; as the total blood volume had only fallen by 10(X) c.c., about 
HXX) c.c. of tissue fluid had becm drawn back into the circulation. Jt is not 
unlikely that this very large liaunorrhage was r(‘.8ponsible for all the other 
manifestations noted. 

In our studies of liaunorrhage in man, we dealt with the results of loss of 
blood of about 1000 c.c. (p. 81) ; nothing is known about the effects in man 
of an acute luemorrhage of twic<» that size. In the 1000 c.c. hajinorrhage the 
peripheral resistance is initially gn^atly increased because of compensatory 
vasoconstriction ; when fainting occurs it is associated with a collapse of the 
blood pressure and a great decline of the })eripheral resistance from its initial 
high value. In tliesc cases of shock no im^ease of total peripheral resistance 
was noted ; if it was ])resent initiallv it had soon passed away. The low 
cardiac output, coupled with a normal ptnipheral resistance, })rodu(;es the 
characteristically low l»l<»o(l pressun*. Tlu^ circulatory collafjse must l)e 
attributed to a primary failun* of the venous nUurn which leads to a d(*creas(*d 
cardiac output. The only region where marked vasoconstriction was present 
during sliock was tin* kidney : tlie very low ]>lood flow through the kidney 
(plus a possible cortical iscluvinia) accounts for the negligible urinary output. 
xVlore <lirect (evidence is still needed to prove, that in cases of the tyf)e described 
ha'inorrliage of the (*xf(*nt Ctdeuhited has really taken ])laee. Once the state 
of shock d(!V(‘loj>s the vital organs sulf(*r | progressively ; the decreased cerebral 
flow de))r(^sses first tlu* liigluu centres and later the vital medullary centres ; 
the decreased coronary flow impairs the contractility of the licart; the 
decreased r(n\al How finally jproduces the manifestations of latent uraunia 
(p. 73). 

(2) Pi.A.s.vr.A on Flimd Loss. — .A large loss of plasma alone or of fluid from 
the blood could produce a circulatory picture very similar to that described 
above. It has been suggested that in many injuries, apart from the frank 
haemorrhage from torn vessels, there may also be leakage of protein-rich 
fluid out of vessels wliose permeability has been increased. One can only 
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be certain that plasma loss is the dominant factor when the blood shows 
hajinoconcentration ; this latter finding is uncommon following trauma. 
Plasma loss on a large scale does, however, occur from a burnt area. Severe 
vomiting or sweating would still further decrease the plasma volume 
(producing anhydrannia). There is no evidence that capillaries remote from 
the traumatized area show any increase in their permeability. 

(3) CuusH SvNDUoME.—The victims of air-raids are often buried under 
heavy masses of masonry which may pin down and crush a limb for a number 
of hours. When rescued, the patient's clinical state may not be aharming, 
but progressive deterioration sets in and some two-thirds of the cases die in 
spite of treatment. Owing to the prolonged complete ischyemia, extensive 
necrosis develops in the affected muscles and skin. The locally injured vessels 
permit the leakag(* of blood or plasma with rcnsulting decreased blood volume, 
and the limb becomes enormously swollen and tense with impairment of its 
circulation. The activity of the kidneys is depressed : (i) by tin? decreased 
blood flow which is due partly to the lowered blood ])ressurti and partly to 
compensatory vasoconstriction ; (ii) there may be cortical ischamiia which 
cuts the glomeruli out of the circulation ; (iii) in addition myohuftnofflobin is 
absorbed from the damaged muscles and while being excreted by the kidneys 
is commonly precipitated in the renal tubules, blocking the escape of urine ; 
the renal tubules often show extensive degenerative clianges. The volume 
of the urine, is decn'ased greatly, and myolunrnoglobin may be ])res(mt in 
it. Uramiic symptoms from renal failuni complicate the clinical ])icture.* 

It is not improbable? in view of the crushed state of the muscles that 
various products of tissue damage are absorbed from the limb and [>roduce 
systemic toxic etf(*cts ; but- in spite of intensive sc^arclu no such substances 
have yet beem demonstrated in tin? blood. The agents looked for liave be<m 
mainly substances of the histamine class (which product? capillary paralysis) 
or general vasodilators like adenosine and related compounds. 

(4) Kkflkx Factok.-—I n some cases, typically following fracture of a 
long bone like a femur, shock may be severe without evidence of great damage 
to soft parts or fluid or blood loss. Experimental analysis suggests that the 
manifestations of shock in these cases are reflexly produced and may be pre¬ 
vented or greatly reduced by denervation of the injured ]>art or blocking the 
reflex arc in the s})inal cord by s])inal anaesthesia. It is not yet known how 
the aflerent impulses set up in the injured part cause the permarient depn?ssion 
of the circulation. In conscious subjects it is well known that severe prolonged 
pain from any cause can ultimately induce a state of (?irculatory collapse and 
marked depression of general nervous activity. (Cf. vaso-vagal attacks, 
p. 271.) 

(5) Fai.l of TEMPKKATUJiJC.—Tem})erature regulation becomes defective ; 
exposure to cold (a compli(;atioii commonly occuring wdth wounded men) 
and marked sweating will int<ensify heat loss and set up a vicious circle in 
which the body temperature progressively sinks. 

(6) Infection.— If obvious infection of the injured part supervenes, 
toxic products formed by the bacteria or released from the damaged tissues 
may be absorbed and poison the heart and paralyse the peripheral blood 
vessels leading to circulatory collapse. It is claimed that experim(?ntally in 

^ Bywaters and Dible, J, Path. Had., 1942, 54, 111. 

* Slome and O’Sbaugi^essy, Brit. J. Surg,, 1936, 22, 589 ; 1938, 25, 900. 
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shock (lui* t<» cnislii'd linih or hjiMnorrha^c, or^anisnis ontor tlio hlood 
stn'ani and l)liH)d cultures are positive fijr tlit‘ enteric ; 4 ronp, B. (vrntjrncs 
and B. ntli. 

(7> OtluT nHifrllnthinf fartor^ wliieli sf)nu‘tinH‘S plav a part are over- 
vcniilntion leadinj^ to COo lack and its siMpiela* (p. IOC)), emboli, of fat liberated 
jnaiidy from the marrow of damaged l>om‘s. or a rise of plasma, potassium. 
1ji shock increasc'd utilizat ion ai'adrenal eorticoids occurs, leadin<>; to exhaustion 
of the ^land. 

Evidence from the Results of Therapy. -It is not pr()f)osed to consider 
the detail(‘d management of a clini<‘al case of shock ; but the results of 
treatment (when cand’ully (*ontrolled) may throw liLdit (»n the nature of the 
disturbances in\a)lved. In many clinical cases measures tlirected to increasing 
the volume of the circulating blood have provial highly beneiicial. These 
consist of intravenous transfusion of whole blood, plasma, or serum which are. 
retained in the circulation (because of their prottun osmotic ])ressure^ far l)etter 
than saline (Tig. IS), If bleeding is not fully cojUrolled or ij‘, because of 
altered capillary p(‘rmeability, prorein-ri(.*h Iluid continues to escape into the 
tissue spaces, vi?ry larg(‘ transfusions may have to l)e givcui. These results 
support the view that a <lecrease in tin' t(tlal blood voluim*, or in tin* circulatim] 
blood volume, or a disproj)ortion between the capacity of the vascular bed and 
the total Idood volume are often important factors in promoting the circulatory 
fiiilure that is such a coniinon and considerable factor in shock. Sedatives 
are also widc'ly employed and prove ])<*nericial probably because tlujy relieve 
pain and depress (certain r<*llex ar<\s which w(‘re operating harmfidlv. Adrenal 
cortex extra<'ts hav(* been given to n'lieve tin* sup])osed state* of corti(‘al 
deliciency (supra) : but tin* doses used have probably been too small and 
there is inade(juat.e evidence that they have prt>v<‘(l beneficial clini(‘ally ; 
cortisone may perhajis prove useful. The subnormal body lemp(*rature in 
sliock has been n-garded as an indication for warming the patient ; it is, 
however, dangerous to ov(*rheat the patient, as the rise* of temj>erature. hy 
producing vasodilatatioii may annul the la'iieticial elfect of the f»re-(*xisting 
compensatory vasoconstriction. Heating also increas(*s sweating, thus 
increasing fluid loss and furtiu'r diminishing the jilasma volume. It must 
be borne in mind that a low sbin temperature do(*s not n(*cessarily indicate 
tliat the intenad t(*m|)erature has falh*ii; it may merely represent corn^ 
pensat ory cutaneous vasoconstriction. 

(■HANCiKs IX JU’iiXS. An extensive burn produces severe pain with all its 
reflex effects ; a larg(? volume of probun-rich Iluid is lost from the damaged 
vessels with a resulting d(*cr(*ase in the plasma volume and ankydramna ; in 
a f(‘w hours one rpiarti’r of the total plasma volunu; may be lost from the 
circulation with progn^ssive luemoconc<*ntration. Ileal loss is also increased ; 
secondary infeeiion may de.veloj). After s<*vere burns tin; concentration of 
histamine in the blood may rise fourfold in the course of a few days, and this 
changu* is parallc*led roughly by tlie gravity of the clinical stab*, suggesting 
that it ])lays a. [lart in producing the symptoms. The importance of the 
histamine factor must not, however, be overestimat.ed. Products of tissue 
damage other than histamim? may be absorbed. 
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KXPKKIMENTAJ. AND PLINICAL 11YPEKTENSJON 

Experimental Hypertension. -()f t]i<* many prociuluros which have 
bc(*ji us(‘ii exjM‘rimoiitally to pnalijcc hvj»crt.(*nsion, two only will he (anisklered 
here: (i) Section of tin* sino-aortic mn-ves : (ii) reduction (»!’ the blood flow 
tlirou^di th(‘ kidn(‘ys (renal isclKemia). Th<‘ latttu- method is of ^reat clinical 
int(*rest. 

J. Ski’I'IOX ok tiik Sino-aohtm' Nkuvks. The chronic |>(Msistent hyper¬ 
tension ])rodiiced by this |)rocediire is describ(‘d (>n p. 74 1. 

(dinical hypcu'tension. Jiowever, is never the result of denervation by 
disease of the sino aortic stmsory zones. Stratij^ely <moujLdi ])atieTtts with 



-()(}. K\|H'riiMi‘ntjil tlyprHmsiou from Kriuil Isclurmia. 

{(j!oMi»tii 1, .‘J////. //</. 4/(:r/., in:?7, //.) 

HeconJ of t»lo<Kl prossiire in d<>u. At UK, cfuistrict riulit renal artery: 
prourpsHive ri«e of bloiui presaiire. At HN, rc/nr>ve ri^ht khlney: 
blood pressure faMv again. At LK constrict left renal artery: 
blood pressure unuints rapidly to 1280 iniii. and tlie auiiual dies. 

<?xt(‘nsive disttase oi’tli(‘se zones never seem to sidler Irom jiyperteiisioii. In 
severe clinical liypeitension the sino-aortie areas an* fxenerally quite normal. 
TJie combination of clinical hypertension with intact vasosensorv zones 
means that the factors responsible for the hyjtertension are st) potent that 
they can completely overconu* all the nornud remdutory nu'clianisins. 

2. Renal Ischaemic Hypertension.^ -Experimental renal iseluemia 
produces persist(*iit arterial hyp<*rtension. Th<* blood flow thron<rh tin* kidneys 
is reduced by placing clips on one or both remil arteries and screwing them 
down to constrict the lumen of tiie vessel. 

(i) If iseluemia is thus induc(*d on one sid(^ in the dotj t he blood pn^ssure 
rises steadily for several weeks or mouths (Fig. 2()b), but then usually begins 
to decline, and may ultimately r<*tiirn <‘ven to tlie jire-experiineiital levi'l.^ 

^ firuuu-Monendez el a/.. Renal Hyperleiision (trans., Dexter), Jtltt), Spiiii|^tiel(b Jlliiiois. 

“ In th(‘ mi (p. 356 ) uniiateral reiial isehannia may pnxluee pjMsistenI liypertension. 
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(ii) Bihitvnti itiimI isclvjvmia, Ik)\v(»V(m% loa<is to a porsistent liy|K*rten.sion ^ ; 
thf ,s;un(* r<*siilt. is ohtaiiird wIk^ji oiu* kkliiry is inii(io iscliaMuic and tin* other 
is coinpleft'ly removed. 

(iii) Hy|)ertelision is also induced it* the aorta is olistrueted above tin* 
origin oftln^ renal arteries, but not when the obstruction is below, heaving the 
renal circulation uniinpain'd. 

(iv) In isehsemic liypertension both systolic and diastolic blood ])ressures 
an* raised and the jn*art is (‘onsiderably hyjM*rtrophied. Tin* structural 

in* nj<io<i vess(‘is aie corisnicre<i on |». ooi. 




A B 

Fn!. 1 'oinpariscm nl FU'ccts f>f Srxa'n* IscliMMnia find of y nn 

lUtMxl Pn*ssiit’t‘and lilund I rra. ((ioMblalt, nd. MvtL, 77 .) 

A. At arrow b«)th kitlnrys wore, made severely iseliremie: hyporteiisiou ami urea 
retention. 

IJ. At arrow (U.-N. -bilateral neplinTtoniy) l>ot.!» kidm'vs were removed. Urea retoii- 
Uou is e.\treim? Init the Idotid pre.ssure remains unchanged. 


(v) ir tin* isciueiiiia is inoderatt*. in extent the isclneniic kidneys show little 
structural change, c.//. siiujilc atrophy ainl jH‘rhaps early tubular changes. 
If the isclncmia is severe there is in addition to the mounting Jiy])ertensioii 
evidence of gra ve impairment of r(*nal function ; tlnj usual blood and urinary 
changes of urannia d(‘velop with a rapidly fatal outcome. The results in 
an animal experiment aie shown in Fig. 207, A. 

(vii) A rliiHctil case of extensive otrclusion of both renal arteries by thrombi 
is illustrate.rl in Fig. 207. Tin* sev’ere resulting bilateral renal ischannia 
caused the blood pressure to rise to 210 mm. llg (systolic) ; owing to in¬ 
adequate renal (‘.xcretory fimetiou the flow' or urine was very small and there 

^ When a s(‘(^ondarv (all of hlnorl presKun*. neeiirs in hilatfTal (experiments it is pro])at)ly 
due. to th(*. eslahlishment oi‘some degree of collateral circulation which compensates for 
the diminished hhiod supply along the main renal arteries. 
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was marked retention of the non-protein nitrogenous (N,l\N.) constituents 
of the ])lasma (see Icfrend to Fi^. '2()S). 

Mechanism of Experimental Ischaemic Hypertension. The hy])er- 
tension is due to the ])res(Miee of a?i Lschaunic. kidney, for if tlje affected kidney 
is removed (in unilat(*ral cases) the blood pressun^ promptly falls to normal 
(Fifj. 200). It is well known also tliat hypertension does not follow bilateral 
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Kio. 20S.— Hyp<‘rleiisi<»ii tnmi Scv<M’e Hil<Mterat RcMial ]st'ha*iuia in Man. 
(IVinzinetal <7 n/., 7. .Iwf-r. wvd, As/ioc., //.V, 44.) 

ISmirds Iroin al»ov«‘ down ward s: systollr and diastoli*’ Mood pn-ssiirr in inin. Hk; 
nf»n-|irotoln nitrojjtiMi td lih»oil in nm of N; rstimati'd urinary output In r.r. 
per day. 

A woiiiHTi oO siiUVrin^r from auricular fibrillation suddenly dcvclcijicd severe 

«*pljiastrie pain, nausea and dyspnuai ; th«‘ blooil ])ressnre was l iri/To. 1'lie ll.l*. 
gradually rose to lun'l inon the I.'lth day and the .systolic pressure iiltlnialely rose 
to 210 mm. Hu. The volume of urine diminished till it almost e«‘ased ; t in* non- 
protein N was 72 ini' on tlie l>th ilay and 14.S nijn "o nii tin* day liefore (h-alh, 
whicti occurred after inereasini: stupor on the 25t.li day. 

Post-mortem ; the entire lenuMii of tin? major rioht renal artery and the first part «d 
the left renal artery were oei’iifued hy thromhotie material; a separate inferior 
reiml artery was patent lull U* orifh’i* was ol)strneted hy thnuohiis. 


nephrectomy iilthough marked iiitro^eiious rcteutiou occurs ; ischtemic hyper¬ 
tension is thus not dm* to any assoe.iated rise in the plastiia nitrogenous 
constituents (Fig. 207). Tlie. magnitude of tlie hyjiertension is related 
primarily to the degree of r(*nal ischaMiiia. The iscliaunic kidney produces 
hypertension by rclmsrnq a 'prf'{<sor affcnt into the cu'cnhition, 

EvidExXCE fou (hiU’ULATiNti Pressor Aoext. —(i) .4ii isdiwmic kidney 
is removed and transplanted into tlie neck of another completely nephrectom- 
ized animal by anastomosing the renal and carotid arteries and the renal 
and jugular veins respectively. As soon as the circulation is re-(*stablished 
the blood pressure rises rapidly in the Teci|>ient by ‘10-40 mm. Hg in 5-l() 
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niiinitos 209). (Jii ronlrol <.\\|><‘riin<Mjts in which nornKtl IcidiuTs iirc 

so i^rartcd, hy|»crfcnsi\’c (dlccts .-irc rfircly j)n>diic(‘d.) ITMic ^?*iiftcd isclucjiiic 
kidney is then t mnsferred inlo I he neck of n si'cond n‘ei|>i(‘nl. tins nnininl 
in its turn shows n ris<* of hlood pressnn*. 'Phe j)n‘ssnre in the first reeij)i(‘nt 
(deprived (4‘ its iseh;eniie kidney) nniniins lii^h for s«‘venil hours, nfler which 
it ^n*;tdinilly returns to normal. 

(ii) The vtMious hlood plasma Jeavinir the ischamiic kidney has an intimsc* 
constrictor action wlnm perfused through the hlood v(‘ssels of a frou ; hlood 
from control kidneys has only a slight activity, or iuuk' at all. .A perfusat(‘ 
of the is(di:emic kidneys from the case recordeil in Kio. 20S ma«l(‘ imm(‘dia(ely 
afti*r death also contaiut'd similar pressor material. The pnvssor suhstaiic<‘ is 






l*'u:. 2*'M).—I'jllcct (>t <{j',ni of Ist’linMuia Ki<liK V mi l*it‘s<iir»‘. (r.isciolo, Heii.ssay 

:ni(l 'I’jejuini, ./. /V/y,v/o/.. lU.'JS, Uf.) 

ICjcoril of .'irtmal ftlou l or -s^inrtv An IschiiMiilr kidiit^v from a tloir wltli hitrfi f>lo<Hl pro-ssuif, was (at the 
arrow mark) iiraffiil into flic link, llr-it jnto om* (iov\»*r rt-mnl) and tlu*n into ;niolhrr (iipiKT m-orifi 
t )dorilr*Ht*d ii4:piin.*rioiiuzoil iloiT. .NoU* thf* sMslainfd rH«- of hloml juf^^nn' wliicdi is protlnml 
gradually in tMcli fas«- ritiii- in niimitcs. 

associated with the pfnsnKi profriiis : it is ahseiit froni deprot(‘inized plasma, 
or from th(‘ ultra filtrate of citrated plasma. 

(iii) Th(‘ vasocoTistrictor stihstanct* formed hy the ischamiic kidney is 
eliminated or destroy(*d hy healthy ki<lney tissue. Thus in unilateral renal 
ischamiia rtuiioval of the other, normal, kidney is followed hv an aiL^jiiravation 
of the j)rt*-(‘xistintj( hyptu’tension. When an ischa-mic kidney is Loafted into a 
n(‘phrectonii/ed host (c.//. in Ki^. 209) it product's a lirejiter rise of hlood 
pressure than in a recijjient witii intact kidnt'vs. As mi«:ht he expectetl, the 
venous hlood h-aN'iiiiLf the nonnal kidney in a hypt'rttmsivt' atfimal pt»ssesses 
less pressor activity than I.Jie arterial hlood rt'achinj^ it. 

(iv) The pressor a<reiit formed hy the ischaunic kidm'y does not act throu<>:h 
nervous channels : thus isclnemic hypertensioTi is unaffected by division of 
the f)erv(' supply to the kidney, sc'ction of tin- splanchnic nerv(*s, division of 
the vcfitral roots supplyin<» tin* abdominal visc(*ra, or (‘ven extirjfation of 
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till* sychiun. Tin* liyptTtcnsioii is nn1 (•()m))l(*t<‘lv nholislKMl 

('vrn In' (Inst niclion of I,In* spinal cord. 

Idle pressor snljstain*e responsible lor the de\i*Iopnient of iseliieiiiic li\-p(‘r- 
liMjsion is k'lKKvn as /ifffHifrnsnt [(nuimlaiiln). It is formed in the blood as 
t he resnit <»( t lie interaction b(*t\V(‘en an en/vnn‘, iruln. foriinMl bv tin* isclncmic 
kidney and a normal jilasma Ldobiilin (a.>-^lobnliii (p. !*><))) called liifjun- 
Inisl/iOffrii, thus : 

I Ivjieit cnsinoiLren H(‘nin - ‘ i vp<‘rtensin 

/ Monna) plasma- \ /enzyme : \ f Aneii)t.oniri! 

^jiroteiii eonstjhieiit y \ pr(»l,easey {polyf)eptidc) 

The j>ir)p‘ert ies of these substances must next be r«‘\'ie\V(*d. 

Renin, (i) K<*niii is a jn<»teiii which can be extracted from normal fresh 
kidney cortex, but not from tin* mednila. it is present in laI’^cr amounts in 
extracts or perfusates of Isrhfiuiir kidneys 
(both (‘Xpi'rimental and <Tmieal). 

(ii) 'riiere is (’.rrt'ss niiiit m (ln‘ rrmms 
hloml h iinuff f/ic /.sc//a'/y//c liulncif. 

(iii) On int?'av(‘nons injection in animals 
renin raises the ai-lerial blood pressure 
(Kiii. 21(1) by a peri pinna 1 action on the 
blood vesstds. When <jii\'en by tin* nn‘thojl 
of slow continnons intravenous infusion it 
product's a, sustained hypertension. 

(iv) 'rinutiih renin eive> rist* to vaso 
constriction it can be readily shown that 
it does naf ncf iUnrlJif on tin* blood \ <*ssel.>. 
ddnis though puriii(*d renin mark<*<lly raises 
tin* blootl prt'ssure in tin* intact animal it 
has no (‘fleet on blood ve.^st'ls pt‘rfus(*d 
with a Kine(*r-L<»cke*s solution. Ibit if 
tin* perfusion is carried out wilii smun. 
addt'd renin has its usual constrictor 
action. If fin* blood v(‘ss(‘ls an* p(*rfus(*d 
with recirculated serum, successive injec¬ 
tions of renin product* sniall(*r efleets: if fresh st'rum is now imiplttyt'd. tin* 
constrictor cflectof renin isrt*stor(*d to its oritfinal value. It is ch*ar IVtim all 
l ln*s(* t)bs(*rN at ions t hat F'cnin is }nil tlirrrtli/ rnnslnrim' but ndcfs tnt/t a srnun 
cinis/ifurnf which is gradually us<*d up and must (*ith(*r be replaced (in the 
[M*rfusion circuit) or else eiv(*n linn* to In* re-fornn*d in tin* intact animal. 

(v) When r(*nin is incubated with st'riini the pressor activity of the inixtun* 
iiirrrdsTs initially owinii: to the appearance of a new substance, a //mZ sidble 
/)(il if fir fil ((!<>, which has the distincliv** feature (in which it- ditlers from renin) 
of cotistrictin**' blood \'(‘sst‘ls p«*rfus(*d wit h J{in.<»<‘r-IiOcke s solution. This 
(/irrrtlfi acting pr(*ssor |)i'incij)h‘ is calh*(l /iff/tnirdstn. Suitabh* <*xp»*riments 
show Unit renin interacts with a (jfJohuli}i fraction of tin* serum (called 
Jn/pnifdfsiiifif/rii). 

(vi) Renin is an (*nzvnn* : tin* yi(*ld ol hvfjcrtensin is increased as the 
hy|)ertensinogen concentrati(»n is incnvis(*d ; within limits ati increase in the 
n*nin concentration has tin* sann* (‘fleet but if tin* renin level is incr(*.as(nl 



t‘l(;. lMO. Kdi'rl of Kifinry l']\ir{>i*t 
(Ivi'iiiii) oil Arl(‘i’i;il l»ioo(i Pres- 
Mirr of I'naii.est Iirt I tahhit. 
I Pirlvf'iiiej; amt I'liii/mi'ial. din. 
Sri . lirts, 

\i '1,1 c.c. rm 1 ‘XlnM-t of rcriul niodiilla 
was iiitravtoiously ; I hi* nioiat 

was At t;, an 

• xtraft of ri'iial rorti-x (naiin) was iii- 
jnctcil : a iiiarU**'.! rise of hlooil prcssiirr 
tir«Mirn*.I. 
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HYPKHTKNSIN 


further the hyperteiisiii yield is diiniiHsheil. It is coucliided that hyperterisin 
is a [product of hydrolysis of a j^lobiiliii (liypertensinogeii) by the enzyme 
renin. Renin is probably a proteolytic enzyme which acts specifically on the 
blood globulin only ; in fact nmin may be s[)ecies s})ecific, the renin extracted 
from the kidneys of one s|)ecies not in^cessarily acting on the blood globulin 
of another (e.cf. renin fro?n pigs kidney is inactive on injection in man). 
[For plujsioliHjicdl role of renin, see [). 353. j 

(vii) It is extn'mely interesting to note that when pepnin is incubated with 
a variety of |»roteins it also liberates a pre.ssor substance (clieniically a poly- 
f)ej>tide) n‘sembling hypertensin and called prpsifenNin. 

Hypertensin. In isclnemic hypertension the presence of hppoiiensin cmt 
he deiHOthsfmfcd ht the circul(ilin(f blood. 

Injected intravenously in animals, hypertensin j)roduc(*.s a sharp transient 
rise of blood pressure rcseji)})ling that produced by adrenaline and due to a 
])eripheral constrictor action on the blood vessels. Tt differs from adrenaline 
in showing none of the ilrug antagonisms of the latter and in being motor to 
the isolated intestine (cf. p. 724). Slight tachyf)hylaxis develoj)s after a long 
series of injections, i.e. the pressor responses progressively decline in magni¬ 
tude. There is some evidem^e that the bh)od may contain an agent which 
potentiates the action of injected hypertensin (hypertensin-'* activator ") and 
which is slowly used up. 

Action of llYCFUTKNsrN in Man.^ —(1) Action on Circulation. - (i) When 
]iy]><*rtensin is inject(Ml or infused intravenously in normal man it raises both 
systolic and diastolic blood pressure !<» an extent which depends on the 
dosage used (Fig. 211). It constricts the peripheral blood vessels : (a) injected 
intradermally it f)roduces l)lanching of the skin ; (h) injected intra-arterially 
it produces vasoconstriction in the muscle mass supplied by the artery ; 
(c) injected intravenously the blood flow through the limbs decreases. 

(ii) The effects on the heart are complex ; (a) there is marked cardiac 
slowing which is abolished by atropine (indicating vagal involvement) ; 
(/>) there is usually evidence (if heart failun^ (Fig. 211), e.g. diminished cardiac 
oiitfiut, rise, of venous pressure, (uigorgernent of the lung vessels (as shown by 
the d(H.*reased vital cajiacity), increased cinmlation time, and an increase in 
the size of the In^art. The arterial hypertension produced by injection of 
large doses of hyfxutensin in man is thus due to vasoconstriction and still 
occurs even if there is coincidiuit heart failun*. 

(iii) The cardiac changes just described are those generally observed when 
sudden mark(*.d vasoconstriction and hypertension are produced experi¬ 
mentally and the load j)roves t(*m]K>rarily excessive for the heart to cop(‘ 
with. It is likely that if smaller amounts of hypertensin wH?re infused steadilv 
for much longer periods com|)ensatory cardiac hypertrophy would take plac.e, 
the cardiac etlici(*ncy would increase, and the heart would sustain the hyper¬ 
tension without signs of failure »such as A^enoiis engorgemmit. 

(iv) Although intravenously injected hypertensin produces some con¬ 
striction of th<i skin vess(*ls as show'ii by a fall of skin temperature, the 
contraction of theses vessels can be readily overcome by chemical agencies, 
e.g. by re.a(‘tive hyperaunia. 

(2) Action on Kidney .—Hypertensin produces important changes in renal 
function (Fig. 212). 

* Bradley and Parker,./. din. Inresfiy., UUl, 715 ; Wilkins and Duncan, ibid.^ 721. 



ACTION OF lIVPKUTKNSfN IN MAX 

(i) Tlic reiiJil blood Jloir is markedly rediice.d to a ^reat(‘r extent t han 
would l)e (expected from the im|)ain)ient of the lieait’s action : il is thend'orc* 
tlie result of eoiistrietion of the renal blood vessfds. 

(iii) (Miootrrulor JiIfralIon rate is also cut down, but to a h*ss (‘xtent pro¬ 
portionately than the rrmal blood llow. 

(iii) The fit rat ton frartlon (jj^loinerular (iltrat(‘ nmal plasma Ihnv) rises. 


INF lO X. HYPERTENSIN 



KifJ. 21 1. KtVeetsol I nli'n venous liii'usioji of II yperti-nsiii (Aii^ioloiiin) ou ilic ('iieulal it)ii 
ill a Normal Man. (Wilkins ami Diinean, */. rZ///. 7/ov .sV/;/., IU41, ;.Vy, 72U.) 

In arnTial pressure rerords, nppiT line- sysi,otic, hiwor lira* - vertical lines---pulse [tressure. 

At (»J minutes (tlrsl interrupted vertical line) c«>iiimence infusiunof'a lO'.lu seliititui of liy[iertc.nsin. 
at rate oi ri e.c. per niiuute ; iniusion sl<»piM*<l at minutes (seivmd inlerriiiited M*rti«-al line). 

Xote : (i) Kail of skin temperature- ennstrietuui of skin arteri()Ie^, 

(ii) Iteereuse in vital capacity- ptilinonary ennKestioii <ef. p. ;107). 

(iii) Rise (it venous pressure--heart ruiliire. 

(iv) Rise ofsysmiie, diastolic, ami i)ulse pre.s.suros (due to vaso(ronst.ri< tion). 

(v) Slowing of heart. 

riie syinptuins are noted on the chart. 

r.ff, from ()’2 to 0-3, i.e. a gn^ater projiortion of tln‘ plasma How is lilltued out 
into Bowman's ca,j)sule. This iindinii: is attributed t.o raistul intra-olomtu'ular 
pressure ; it must tlitMefore be su|)posed that the. elfenmt. .trlonierular arterioles 
are more markedly (ionstrieted than th(‘ afTtu-ent artt^rioles (cf. pj). 25, 27). 

(iv) The (WicraUratiuff power of the ki<lne 3 "s is d(M*reas(*d, v.e. less water 
absorption takes place in the tubules. 

(3) The subjective symjitums consist of pal|)itation, a feeding of substernal 
oppression, dizziness, luiadatdie, and nausea. 

Destruction or Hypertensin.- -Mypertensiu is readily destroyed by 
incubation with tissin* extracts or seram which contain a proteolA ti(^ eiizynu?, 
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hypertfmsinase ; this enzyme j)robii]>ly })reaks down the hypoT’teiisin poly- 
pe])ti(le inU) inactive ainino-aeids. This enzyme is ))nssihly formed by tlie 
nornial kicinev. 



pKi. -12. KlTect of Inrusiuii of HvjMTtriisiu (Aii^^iolonin) i»ii IJciial Kimclitm in Man. 
(I’a^e, ,/. j//. Hosj}.^ IIMI, S, 14.) 

Kfcords from aliovt- dowriwsinls ; systolic ;unl (liastolic |in*sMir<r ; renal Moofl How (dioHrast rlear- 

niice) in e.e. pur niinnte ; j:l<MnernJar liitration rate (iniilin < learatiee) in c.e. |>er minute ; flitratiun 
rra<“tion. i.e., uJonierular Hit rat e/renal plasma flow ; arrows indi<-atimr volume of injected liyperte.nsin 


Oecrease in renal blood llovr from J2iH» c,c, to under ;'•!)<) r-.e. jter minute. 

Kediietion in i/lcum-rnlar liltrat-e from Job 7r» c.e, 

Rise in filtration l'raetif>n to alioiit ()*o. 

. otted semj4oi;aritlimieally. 'I'ho borizontal line on earii of these 
records iiidiea > mean normal valiie..- 

(i) The nephrecfowlzed aniimil responds to an injection of hyperteiisin 
with a greater and more snsttiimMi rist*- of blood jin^ssiire tlian the normal 
animal : this result may be due to tlie presence of l(*ss hypertensirnise. 

(ii) Similarly the grafted isehannit^ kidney inodiiecs a gn»ater rise of blood 
pressure in the nefthniotomized animal (p. .‘M8). 
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(iii) In iiriilatenil isc.luximia, removal of the normal kidney aggravates the 
hy|)orteiision. 

SUiMAiAUY OF Mk(’haxism OF I.SianKMic IIvpKRTENSTON. Iselueiriia of 
the kidney disturbs its metabolism leading to the excessive disclnirge into 
the circulation of the proteolytic enzyme nmin which acts on a ])lasma Uo" 
globulin, hypertensinogen, to form the polypeptide hy])crtcnsin. The action 
of hypert(‘nsin may lx; potentiated by an activator in the [)lasma. Hy[)er- 
tensin is normally destroyed by hypertensinasti wliich is provided mainly by 
the kidney. 

PuYSTOLO(M(’AL ROl.E OF Kenix.—I t lias been suggested that when the 
arterial blood pressure falls, renin may be nonHoUtf secreted to produce com¬ 
pensatory vasoconstriction. In support of tliis hypotluisis two obs(;rvations 
may be quoted : (i) during severe ha*morrhage the reniti content of the venous 
blood from the kidney rises ; (ii) after n(‘j)hrect.omy animals succumb to a 
smaller loss of blood tlian do intact animals. Nothing is known about the 
way in which such raised renin secretion is brought about ; it may be the 
direct result of tlie reduced renal blood flow. 

Little is known about the cllects of injection of renin in ntau. Ib*nin of 
animal origin is inactiv(‘<, and potent preparations of Jmrnan renin arc not 
yet. available. 

Clinical Hypertension. —The clinician uses the term hvqxutension to 
refer to a persist<*nt elevation of both systolic and diastolic blood j)ressure. ; 
the U])p(*r normal limit of pressun» in the adult is IGO mni. Hg systolic and 
lt)() mm. Hg diastolic ; in doubtful cases more significance should be attach(M.l 
to th(‘ raised (/lasfoHc blood ]»ressure. Most cases of iiy|>ertension fall into 
one of the following groups ; 

(i) (“ priniartf ") hf/per fens Ion : (^0 benign ; (b) malignant. 

(ii) Seronf/nr// hffpe.rte.tisioo : (a) renal : (/>) emhxTine.. 

Essential Hypertension. —The condition is so named because its causation 
is not yet established. 

(1) I3e\kjx Form. —In the early sta.ges the hypertension is moderate. 
The l)lo()d |)ressure, especially the systolic, lluetuates considerably : during 
slecq) or emotional and j)hysical rest, the pre.ssure may be normal ; in states 
of stress the pressure rises to pathologicwil levels. Later the hy|x*rtoiisioii 
becomes “ fixed ’’ in the fiathoJogieal range and cannot be reduced to normal 
by rest or sedatives like the barbiturates. There is compensatory cardiac 
hy|)ertrophy ; the walls of tlie small arteries and arterioles become thickened 
(j). 354) ; renal changes apjx^ar, e.(j. an increased volume of night urine, 
albuminuria or slight hacmaturia. After a jivncxl which, may vary from a 
few years to 20 years deatJi occurs from heart failure, vascular accidents 
(hamiorrhage or thrombosis), or renal failure. 

(2) MalionAxNT Form. —The condition is so named becausci death occurs 
within 6 montlis to 2 years of its first recognition. The blood [iressure is 
much higlujr than in tlie benign form ; the peripheral vascular chang<js are 
severe and d<^generative ([>. 351) and readily observed in the retina.1 ve.ssels ; 
pajiillceilema is fre(|uently }>resent. Severe renal failure is common. 

It is fxissible, but by no means certain, that the benign and malignant 
conditions are not diseases of independent aetiology, but are dilferent grades 
of severity of the same disease. 

functumal changes found in essential hypertension will now be descril>ed, 
12 



354 STRUCTURAL CHANGES IN BLOOD VESSELS 

(1) Circulatory Changes. —(i) lii essential hypertension the cardiac 
output (in the ahsenco of signs of heart failure) is within normal limits, and 
capillary and venous pressui-es are normal. This observation proves that the 
hyperUvnsion must b(* th<^ result of arteriolar constriction (as blood pressure 
varies as (wirdiac output x peri])heral resistance). 

(ii) It is necessary to determine the sites of the vasoconstriction. The 
following considerations must be borne in mind : if th(\ cardiac output 
remains unchanged, a innform d egree generalized vasoconstriction or vaso¬ 
dilatation (though it a.fleets blood pressure) does not alter the blood flow to 
the various organs ; the distribution of the cardiac, output remains normal 
though the blood is delivered at an altered head of pressure. If the vaso¬ 
constriction dilfers in degree in different regions, then the parts where the 
constriction is great(»st will receive a decreased blood flow, while the regions 
where the vaso(;onstriction is least will receive a greatc*r blood How, M(*asurc- 
inents suggest that tlie blood How in hypertension to the skin, muscles, and 
brain is unchanged, indicating that these vessels })artici}).'ite in the vaso¬ 
constrictor process. Little is known about the blood How through the 
splanchnic v(*ssels during life except for the kidney, wdiich frequently sulfers 
from iscluemia (infra). Apart from the kidney the vasoconstriction is general 
and fairly uniform in chara(‘ter. 

(iii) The ivork of the heart is, of course, increased as it is relatcnl dired ly to 
the product of cardiac output and peripheral resistance. 

(2) Renal Changes. -The kidm'v changes recpiire careful consideration : 
they vary with the severity of tin*, case. 

"(i) The renal blood floiv imiy vary from normal (e.g. 12(K') c.c. ])er minute) 
dow'ii to under 100 c.c. 

(ii) The glomerular filtration volume is much less reduced prof)ortionat<dy, 
so that the fraction of the plasma wliich is filtered out ( filtration fraction 
(p, 27)) is increased ; this change indicates increased glomerular j)ressur<i 
and as it is accompanied by renal ischaemia it is due to greater constriction 
of the efferent than of the afferent glomerular vesstds (p. 25). 

(iii) There is also a variable amount of damage to the nmal tubules as 
shown by decreased tubular powder to excrete diodrast (reduced tubular 

diodrast maximuni (p. 40) ; in malignant hyj)ertension the excretion 
may be only 10- 40% of the normal. 

Struutihial Changes in Blood Vessels in Hypertension. -As the 
structural changes found in experimental ischfcmic hypertension and in 
clinical essential hypertension are indistinguishable, one (l(\scrij)tioM (based 
chiefly on the (dinical findings) .snllicos. The vessels affected are the small 
arteries and arterioles with a diameter of 25 100 ju. If tlui hyperttuision 
develops gradually, the initial change is hgpertrophg, followed later l)y mild 
degeneration of the vessel wnill; if the hypertension dev’^elo}3S rapidly and is 
severe, marked degeneration sets in without })re(!eding hypertroj)hy. 

(1) Hypertrophic Changes. —There is increased thickness of the muscle 
coat, redu])lication of the internal ekstic lamina, development of new rnusciilo- 
elastic layers, and proliferation of the subendothelial conrnsetive tissue. The 
changes occur pretty generally in the various regions of the body (Fig. 213). 

(2) Degenerative Chajiges. —These are limited to the vessels suj)f)lying the 
abdominal viscera and almost invariably affect severely the inUrlobular 
arteries and the afferent glomerular vessels of the kidney. These changes are 
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common in the retinal and cerebral vessels l)ut not in the viissels to skeletal 
muscle, skin, and lungs. The dcigenerative (‘haiig(‘s are of Ukj rollowirig 
types ; 

(i) Diffuse Fibrosis .—This is the common change in heulf/u liyj)ert(njsion. 
There is fibroblastic replacement of th(i muscular hbres of media and 



Km. 2n<.—Uyperlroi)hie Changes in Jnlerluhnlar Arfery of Kulnev in 
Befiign Ksseiitial Hyper(ensi<ai, 

iutftrlobular artery has been eiit at two points aloiij? Its course. The serf ion K stained for cJnstii* 
tissue. Note, the urent unlforin increase of the .siiblntimal eoiineetivc tissue and ilu; ruiinennis newly 
formed layers ol elastie tissue. (Hadlield aiiti (Jarr<»d, /tmoit Ath'una'is in rathoJotjif, oth <*«ln,, ,1. <Vr A. 
Clnireidil,’ Londoii, 11)47.) 

reduction of the lumen of the vessel by ])rolif(‘ration of tin* subintimal con¬ 
nective tissue. 

(ii) Fibrinoid De>(/eneration .—This process ailects many visccnal vessels 
but it is nofAjworthy that in nearly ev'^ery case, the afferent glunn'rular arteriole 
is affected (Fig. 214). There is enormous swelling of tlie vessed wall owing to 



A B 

Fto. 214.—Arteriolar Degenoration in .Essential IIvperteii.sion. 

A. Kidney. Note fibrinoid degeneration of afferent glomerular arterioles. 

Ji! Adrenal cortex. Note great thickening and fibrinoid degeneration of arterioles of 
varying size. 

(Hadfleld and Garrod, Recent Advancet in Pathology^ 5th edn., J. & A. Churchill, London. 1947.) 
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the a})pearanc«‘ at first under the iiitirna of hyaline eosinophil structureless 
material which progressively replaces the muscle coat and gradually obliter¬ 
ates the lumen. The degeneration begins at the proximal end of the aiferent 
glomerular arteriole and gradually spreads distally, finally involving the 
glomerular tuft itself (Fig. 215).’ 

(iii) Acute Arteriolar A’ccAM*/*‘.-This is the typic^al lesion of malignant 
hypertension. It occurs generally in vessels that have not undergone initial 
hypertrophy and which may still be in the fibrinoid stage. Haniorrhage 
occurs into the vessed wall which simultaneously undergoes necrosis. 

ReLATIOM of llvPERTENSTON TO STRUCTURAL ('HANGES I.\ VESSELS. 
There is persuasive evidence that both in experimental iscliiemic hypertension 



Fig. 215.—Vascular Gliaiigos in Iscliicuiic Rena HyixTl-erision (in tlic rat). 

Ilyruin, Lancet^ 1939, i, 13().) 

Rat kidin'V. Necrosed gloineriilus with swelling and proliferation of capsular ruitlicliuni ; lihrinoid 
necrosis of utfiTcnt arteriole, x 260. 

and in clinical essential hypiirtension tlie rtue of blood pressure is primarjf 
and the structural changes are secomiary. 

(i) d'hus the hy|>ertensioii may set in within a few hours of the production 
of renal ischiemia. 

(ii) Jn rats, unilateral renal ischaemia often produetjs a persisttuit h}'per- 
tension. In the ischiemic kidney which is protected (by the clamp on the 
renal artery) from the full strain of the hypertension, the structural changes 
are slight and consist of simple tubular atrophy. In the kidney with the 
free circulation which is consequently fully exposed to the hypertension 
the typical vascular changes of severe clinical hypertension appear, involving 
the interlobular arteries and the afferent glomerular arterioles. 

(iii) In experimental rats with rapidly developing severe hypertension, 
and especially when the blood pressure fluctuations are large, the vascular 
changes resemble those seen in malignant hypertension, i.e. they are degenera¬ 
tive and mainly fibrinoid or necrotic. 

1 It is noteworthy that though pathologically the afferent glomerular vessel is 
principally involved, the clinical evidenoe suggests that the efferent glomerular vessel is 
more constricted. 
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(iv) In ruts in wliich th(‘ hypertension developed gradually and was more 
moderate, medial liypertrophy of the arterioles was the predominant lesion. 
The structural (^hang(*s are independtmt of the presence or absence of renal 
failun*. 

(v) The pathological evidence suggests that in clinical hypertemsion 
likewise the rise of blood prcissure is primary and tin? structural vascular 
chang(is are s(‘.condary. 

(vAUSE OF Essential Hypertension.—I f the al)ove reasoning is correct, 
the increased f)eripheral resistance which produces the hypertension must 
initially be due to an active contraction of the walls of the arterioles. Such 
vasoconstriction may be due to sympathetic overaction or to the presence of 
a circulating pressor agent. 

(1) Sym/pathelic Overaation, —(i) In favour of this view is the marked 
influence of emotional tension in producing or aggravating the hypertension. 

(ii) The blood pressure is temporarily retluced by full doses of the barbi¬ 
turates ; these drugs are known to depress the hypothalamic nuclei. 

(iii) Section of the By>lanchnic nerve and the lateral sympathetic chain in 
selected cases markedly lowers the blood pressure for months or years. It 
is doubtful, however, whether lasting effects are commonly produced by these 
operations. 

(2) Circulating Agent, —In view of the many resemblances between essen¬ 
tial and experimental ischaemic hypertension, it has been suggested that in 
essential hypertension a circulating pressor agent is involved. But in the 
early stages of the clinical condition there are no anatomical changes in the 
renal vessels which could produce ischaemia ; if there is initial renal ischaemia 
it must be due to spasm of the vessel walls due either to sympathetic over¬ 
action or to some unidentified pressor substance. Once, however, the hyper¬ 
tension is established (by whatever means) the raised blood pressure second¬ 
arily produces structural changes in the blood vessels including especially 
those of the kidney. As the small vessels become thickened and narrowed a 
permanent increase in peripheral resistance occurs which is unamenable to 
treatment. The renal changes produce renal i8cha3mia with the possible 
release of excess renin and the consequent formation of hypertensin. A 
hypertensive vicious circle might thus be established : hypertensin produces 
renal ischa?inia ; the renal ischamiia results in increased circulating hyper¬ 
tensin and greater hypertension ; the increased hypertension produces more 
severe renal ischaemia and thus the hypertension steadily mounts and the 
renal damage becomes progressively more grave. This plausible and attrac¬ 
tive hy])othesis suffers from the defect that neither excess renin nor hyper¬ 
tensin have yet been demonstrated in the arterial or venous blood in essential 
hypertension whether renal failure was absent or present. 

Secondary Hypertension. — (1) Endocrine Giiour. - Hypertension 
occurs in tumours of the adrenal medulla {phceochromocytoma, p. 734) and in 
some cases of Cushing's syndrome (hypercorlism). 

(2) Kenal Group. —In this group of cases which constitute about 10% 
of all cases of hypertension there is clear evidence that the renal lesion is 
primary^ i,e, it undoubtedly precedes the development of hypertension and 
is supposed to be the causal factor. 

(i) Glomerulo-Nephritis. —In Type 1 nephritis (p. 75) the inflammatory 
process markedly affects the renal vessels and produces gross renal 
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isclisBrnia. A hypertensive vicious circle may thus be set up leading to 
mounting hypertension and progressive renal destruction as explained on 
p. 357. 

(ii) “ Sfoylral ’’ Kithieif l)ise(j,se .—Oases have been recorded in which 
unilateral or bilateral hydro- or pyelonophrosis was associated with hyper¬ 
tension : removal of tlie affected organ, when th(^ disease was onesided, led 
to complete n^tnrn of the circulation to normal. It is likely that the disease, 
iji sucli eases, mainly atfeeted tlie renal blood supply and led to excessive 
secretion of renin and conse(pie!itly to excessive formation of hypertensin.^ 
These cases are uncommon. 


DISORDERS OF PERIPHERAL CIROULATTON 

Raynaud’s Disease.*^—This condition affects the parts of the body that 
are particularly infliienced by exposure to cold, most commonly the hands, 
and less often the fecjt, ears, or nose. If patients with this disease are exposed 

to external cold when the skin tem¬ 
perature is also low, attacks develop 
in which the skin (usually of the 
hands) becomes discoloured and 
numb. The sequence of events is as 
follows: The digital arteries become 
completely closed, first at the finger¬ 
tips and later at the bases : the cir¬ 
culation in the fingers consequently 
ceases. This vascular occlusion leads 
after a short delay to two secondary 
events ; (i) numbness, from loss of 
function of the cutaneous sensory 
nerve endings ; (ii) closure of the 
capillaries and venules, and there¬ 
fore blanching of the skin. When 
recovery sets in, the skin becomes 
first violet and later red in colour. 
The latter flush is due to vascular 
dilatation, i,e, the r(».active hyper- 
a?mia which always follows on 
vascular occlusion, however induced 
(p. 329). Small areas of 



Fjc. ation by 

Paralysis (if V\is«»oniislrict()rs in Man. 
(Ob.scrvations Jiy llr. (’. A. KcmOo.) 

Ordinate : skin temperature. 

Tilt* rlfjht finger serves as a eontrol. 

At tilt* point indicated by tJie arrow, procaine was 
Injected into tlie lelt nirmr nerve. The leit 
finger shows marked vasodilatation as iiidleated 
by the rise of skin tern]»erature, oM'lug to vaso- 
constrietor j>aralysis. 


areas oi necrosis 

may appear at the finger-tips after repeated attacks. 

The mechanism involved in the attacks must now be considered. They 
are not due simply to (ixcessive vasoconstrictor discharges along the sym¬ 
pathetic nerves : thus paralysis of the vasoconstrictors with procaine during 
an attack does not relhjve tlie spasm, or only slightly, and after considerable 
delay ; in normal subjc^cts, on the other hand, even when the skin is cold, this 
procedure leads to immediate vasodilatation (Fig. 216). Attacks of Raynaud’s 

* Weiss and Parker, MedicAne, 1939, 18, 221. 

* Lewis, Vascular Disorders of Limbs, London, 1936. Lewis and Pickering. Clin. Sci., 

1934, 1, 327; 1938, 3, 287, 321. * 
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disease can occur in severe cases even after sympathectomy. Lewis attributes 
the disease primarily to an abnormality of the small peripheral vessels of the 
order of size of the digital arteries. An attack can be brought on by local 
cooling of the digital arteries, tlic sy)asm being confined to the jiart which 
has heen cooled. (Normal vessels never react in this way.) 

When the body is exposed to cold the surface vessels are constricted partly 
by a direct action and partly reflexly through the sympathetic vasomotor 
nerves (p. 328). In normal subjects the superficial vt'ssels are markedly 
narrow(‘d ; in Raynaud's dis(*.ase, however, owdng to the additional factor 
of the local abnormality, the vessels become conif)letely closed. But if the 
hand of a patient is kept w'arm, general exf)osure to cold wdiich can now act 
only reflexly oil the blood vessels does not induce an attack. Bollowdng 
sym])athectomy the blood vessels in the limb becoine dilat(‘.d and f)erhaps 
more resistant to the eflects of local cold, and of course th(‘y cannot be 
influenced reflexly by vasoconstrictor nerves ; but there is not complete 
immunity tr) attacks (cf. p. 361). 

Sympathectomy for Vascular Disorders in Man.^ —The immediate 
vascular changes following sympathectomy are the same whether the 
operation is performed on the preganglionic fibres, the sympathetic ganglia 
or the f)ostganglionic fibres, so long as all the fibres supplying the part are 
severed. Tin* end results depend : (i) on whether regeneration of fibres takes 
place : (ii) on the natural cour.se of the disease, for whi(di the opiu-ation is 
carried out. 

IJi'i'Mii IjIMU.—T he oyieration of choice is a. preganglionectomy. The 
lateral synipatli(*tic chain is cut between the third and fourth thoracic 
ganglia ; this divid(*s all tlie preganglionic, fibres destin(‘d for the arm wdiich 
leave tin* spinal eord below Th3 (cf. y). To cut any |)ossible preganglionic 

outflow’ in Th2 and Th3 the dorsal and ventral roots are sev(‘red and a piece 
of the 2nd and 3rd intercostal nerves cut out. Finally the distal end of 
the sympathetic chain is turru'd up and stitched to mu.scle to yirevent 
reg(*rieratiori.“ 

Lowkh Limp..—T he ofieratioii is mainly a yrreganglioiu'etomy : the 
second, third, and fourth lumbar ganglia and the intervening syinpathetie 

^ A<fsiiu and IJrown, Arch. Neurol. Psychiat., 1929, 22, 922. Lewis and Landis, Heart, 
1930, lij, 1.^)1. 

2 The <»lder operation was mainly a ganglioneetoiiiy : it consi.sted of ?(‘moval of the 
stellate ganglion, i.e. the first thoracic and inferior cervical ganglia, and division of the 
communicating liraneh to the first thoracic nerve from the second which often receives 
a grey ramu.s from the second thoracic sympathetic ganglion. Such an (»peration dest roys 
most of the excitor celts supplying the upper limb and divides the ionneetiir fibres fiassing 
to the middle cervical ganglion. As the excitor cells are extensively removed the risk 
of reg(Mi(Tation is minimal. The operation has two disadvantage's, one real and one 
speculative. 

(i) The real is due to dividing the symy»athe1ic fibres to the head and neck and so 
jirodueing Horner's syndrome (p. 708), csyjccially drooping ol the ujipei* lid and con¬ 
striction of the pupil. 

(ii) The speculative is based on the fact that the degeneration of the postganglionic 
fibres and terminals which follows ganglioneetomy inert-ases the sensitivity of the 
denervated parts to the action of injected or naturally secreted adrenaline (p. 729). 
Therefore any adrenaline which is poured out in states of emotional stress, physical 
exertion, or exposure to cold might produce an undue degree of vasoconstriction which 
would tend to annul the dilator efibets of the syrapathectomy. 
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trunk are removed. |Tlie j^rt^gan^lionic outflow to the lower limb is from 
the lower thoracic and u|)[)e.r lumbar roots (p. 709).] 

Results of Sympathectomy.- After a successful operation vasodilatation 
immediately sets in, as shown by a rise of skin temperature, flushing of the 
skin, and incn‘ased loss of heat; the superficial veins are also relaxed. This 
occurs in subjects with normal blood vessels (c.q. patients with spastic 
paralysis in wlioni the sympathetic was divided under the erroneous impression 
that it would (h^crease skeh^tal muscle tone), and in appropriately selected 
cases of vascular disorder. Reflex sweating and pilomotor reactions are 
abolished. The dilatation may ])ersist for months or years. After a time 
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Fig. 217.—Vascular Response of Skin of Fingers to Heating 
of Hody. (Observations by Dr. C. A. Keele.) 

inlinntc : skin trinpenitiire. 

The ho<ly Is place<l In a heating chiimber, but the arms are exeluded. In 
the normal person and in the case of acrocyanosis the rise of body 
ttfmpcrrttnro produces marked vasodilatation in tlie lingers as shown 
by the progressive rise of skin temperature (cf. Fig. No 

vasodilatation (no rise of skin ternjieralure) occurred in thLs case of 
Buerger’s disease (throinhoanglltis obliterans) (of. p. 361). 

the skin becomes 'paler on the operated side because of contraction of the 
small superficial vessels ; Lewis suggests this is due to the increased blood 
flow through the skin preventing the natural local vasodilator substances from 
accumulating to their normal concentration. 

Indications for Svmpathfxjtomy. —Before sympathectomy is performed 
for the relief of disorders of the peripheral circulation, certain preliminary 
tests must be carried out to determine what the immediate outcome of the 
operation is likely to be.^ 

(i) Inject procaine into a suitable nerve {e.g. the ulnar or peroneal) to 
paralyse the vasoconstrictor fibres. In the normal person marked vaso¬ 
dilatation and a great rise of skin temperature (e.g. from 20° to 30° C.) occur 
in the corresponding fingers or toes (Fig. 216). 

1 Lewis and Pickering, Heart, 193J, 16, 33. 
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(ii) S|)inal aiurstliesia may l)e induced up to the level of the rnid-thoracic 
cord to paralyse thf; vasomotor iihros to the lefjs. Similar results to those 
described in (i) svpra are normally obtain^vl in the toes. 

(iii) 1’he patient is enclosed in a suitable chamber, the temperature in 
which can be raised ; the limbs to be inve.stijratcnl are kept OKfside the 
chamber. As the chamber tem]>orature rises, the body temperature goes 
up. The heated blood acts on the va,somotor centre diminishing the vaso¬ 
constrictor discharge to the excluded limbs ; alTerent impulses from the 
heated skin also act rellexly in the same way (f). ^i27). »Skin temperature in 
the exclu(h‘d limbs (esj)ecially in the fingius and toes) rises owing to the 
resulting decreas(*d vasomotor tone ; there may perhaps also be active 
stimulation of the sympathetic vasodilators (Fig. 217). 

(iv) In cases where the decrea.stul blood suf>ply tr) tnimdes is under analysis 
tlie blood How to the call’or forearm (using the technicpie of venous occlusion 
plethysmography (p. 305) should b(? examined before and after blocking the 
vasoconstrictor nerves, to see whether any increase takes place. 

Unless the above positive reactions are obtained, sytnpathectomy will not 
produce even immediate or transient benefit and is entirely contra-indicated. 
J\)sitive reactions (i.e. vasodilatation) are elicited in acrocyanosis (Fig. 217), 
and in jjatients with RaynnutVs disease between the attacks, 

Bbsults op SYMpATUKrTOMY.—(1) RaytKiud's Disease. —In this disease 
Bym[)athectomy often produces temporary benefit, but the lasting improve¬ 
ment is less spectacular. Various explanations have been olTered for these 
somewhat disapyiointing results. Lewis suggests that the disease is due to 
a primary disorder of the vessel wall of a yirogressive character ; under these 
eircunisfancos the most that can be hoped for is that the frecpiency and 
intensity of the attacks of vascular spasm will be diminished. In .some cases 
regeneration of the symf)athetic fibres (as shown by return of rellex vaso¬ 
dilatation and sweating) is a factor. 

(2) Throynhoavyiitis Obliterans.^ —Tn this disease, organic changes in the 
main art(*ries of the legs lead to partial occlusion of the lumen and a decreased 
blood flow to the distal part of the limbs. The pati(‘nt complains mainly of 
the r(‘sults of relative iscluemia of the mu.scles during walking {intermittent 
clmidication, p. 751) ; in addition, there may be troydiic chang(*s in the skin 
from inadefjuate blood supply. 8ympath(*ctomy cannot increase the lumen of 
the aifected large ve.ssels, Init it may help in another way. The l)lood supply 
to the distal parts of the limb i.s kej)t up in this disease mainly by way of a 
collateral circulation from the normal vessels above the block. Sympathec¬ 
tomy by dilating arterioles might improve such collateral circulation ; it also 
relaxes the skin vessels and to a less extent the rnu.scle ve.ssels. Examination 
by methods (i) to (iv) supra will show how much improvement in skin (Fig. 217) 
and especially in muscle flow is likely to follow sympathectomy. A few selected 
cases hav^o benefited from the operation.^ 

^ Also rnJIori Fiverffpr/i (Jisease. 

*’ Cf. Ascroft, liril. J. JSurg., 1937, 24, 787 ; Bril. med. ./., 1937, ii, 173. 


12** 



IV 


RESPIRATION ^ 

GENERAL CONSIDERATIONS * 

Subdivisions of Lung Volume ® (Fig. 2()8).— (1) Tidal Air (resfinr/ tidal 
volume) is tlic voluitu* of* air breathed in or out of tiie lungs with every quiet 
respiration. Tin* normal range is 350-fKX) e.c. 

(2) CoMPLEMKNTAKV AiR {inspiratonj mpacitif) is the voluim^ of air that; 
can be taken in after a normal ex|>iration by a maximum inspiratory effort ; 
it inelu(l(*s the tidal air. its volume, is 2(XX) to over 3.500 e.c. 

(3) Reserve Air (expiratory reserve volume) is the largest voliinu* of air 
that can be ex])ire(l after a normal expiration. The average is about IbCX) c.e. 

(4) Vital Capacity*^ is determiued f»y measuring the maximum volume 
of air that can be expired after a maximal inspiration ; t he range is 3500 
to over 5000 c.c. It is the deepest breath that we (;an take, and is about 
eight times as groat as the normal-sized breath. The vital capacity varies 
with the size of tlie individual and the use to which he has put Ids respiratory 
apparatus. It is related to the surface area ; it amounts to 2-G litrcjs ])cr 
square metre of surface in a male, and 2*1 litres per sipiare m(‘tre in a 
female (on the avcjrago). Most normal people have a vital ca]>acity within 
10% of these values. V'ital cajiacity is afiected by the following factors : 

(i) The developtueuf and power of the respiratory muscles : it is inert^ased 
in athletes, especially thosi^ who use their resjiiratory apparatus vigorously, 
e.g, swimmers or div(;rs ; it is increased by firactice ; it is decreased in general 
physical weakness (e.g. by 20-30%) and in older people. 

(ii) The integrity of the respiratory centre, its descending tracts, the related 
spinal motor neurones and the respiratory muscles : the vital ca[>acity is 
therefore decreased wh(*n the respiratory centre is de[)ressed by narcotics ; 
in injuries to th<* spinal cord, e,y, trans-section in the cervi(‘al or tlioracic 
region ; destruction of sj)inal motor neurones (cells or eff(‘reiit fibres), e.g. 
in poliomyelitis, ventral nerve root lesions, avulsion of the phrenic nerves ; 
and in disorders of the muscles, e.g, myasthenia gravis or therapeutic 
curarization. 

(iii) Patency of respiratory pathways : the vital capacity is df'creased 
by obstruction of the larynx, trachea, bronchi or bronchioles. 

(iv) The volume of blood in the lungs (cf. p. 307) : vital capacity is greater 
in the standing than in the .sitting or recumbent position j)artly because of 
the decr(ja.S(‘(l pulmonary blood volume. In congestive heart faijure the vital 

^ See Haldane and Priestley, Heapirnlion, New Haven, now (mIh., For inetliods, 

see Douglas and Priestley, Unman l*hysioU*gy, Oxford, .‘Ird edn., 1948; Peters and Van 
Slyke, Quantitative Clinical Chemistry, Methjds, London, 1932. 

* Miller, The Lung, Springfield, 111., 1937. 

* For terminology, see Fed. Proc., 1950, ,9, 602. 

* Hurtado and Boiler, J. din. Jnvestig., 1933, 12, 793. 
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capacity is decreased proportionately to the degree of pulmonary congestion 
(and codenia). (Cf. also Fig. 211.) 

(v) Space~o(TAiiHjin(j lesiona of the thorax, e.g. pleural effusion, closed 
pneumothorax (cf. p. 371) or tumours, which reduce to some extent the 
maximal air entry into the lungs. In patients with open pneumothorax 
the vital capacity is further reduced because air enters via the opening in 
the chcist wall as well as by the normal path (p. 308). 

(vi) Disease of the lung substance, e.g. hbrosis or pulmonary tuberculosis, 
which interhire with its ex])ansion. There is also a marked reduction of vital 
capacity in emphysema. The explanation is not clear : it has been attributed 
to decreased lung elasticity, which impairs the elficiency of expiration, or to 
fixation of the costo-sternal junctions, which interfer(*s with the respiratory 
movements of the ribs (]j. 459). 

(vii) (Edema of the lungs, which results from many causes (f). 116) decreases 
vital caf)aeity partly because the Iluid replaces air and |)artly because the 
respired air and fluid are beaten up into a froth which mechanically hinders 
the How of air to and from the lungs. 

(viii) Abnormalities of the bony thoracic cage : for example, deformities 
of the vertebral column, sternum or ribs, or fixation of the costo-sternal or 
costo-vertebral joints reduce vital capacity. 

(ix) The respiratory movements and vital capacity may be reduced by 
f>ain (e.g. of f)leurisy or of some abdominal disorder), or hampered mechanically 
by an increase in the intra-abdominal contents due, e.g. to pregnancy, tumour, 
ascite.s or flatus, 

(x) 1 n esopht halm ic goitre the vital capacity is reduced for an unknown reason. 

Relation of vital capacity to dyspnwa. —As the depth of breathing approaches 

the vital capacity subjective feelings of discomfort (dyspnoea) dev^elop. 
Fatients with reduced vital capacity conse<jUently become breathless on 
exertion more readily than normal people (cf. p. 155). 

On an average there is a fairly satisfactory relationship between the 
clinical estimate of res})iratory efhciency and the degree of reduction of the 
vital capacity. But some patients who have extensive pulmonary disease 
may show a vital capacity which is within normal limits ; significance can 
therefore only be attached to a low value for the vital capacity. 

(5) Residual Air (or Volume) is the air which remains in the lungs 
after a maximal expiration ; it can only be expelled by opening the chest 
widely and allowing the lungs to collapse. The average volume in adults 
is 1500 c.c. The functional residual air (or capacity) is the volume of air left 
in the lungs after a normal expiration. It is roughly equal in volume to 
that of the alveolar air (infra). 

(6) Total Lung Volume (or capacity) is the sum of the residual air and 
the vital capacity ; on an average it is 5500 c.c. 

(7) Alveolar Air. —As the bronchioles branch and become smaller 
their columnar ciliated epithelium becomes modified into a cubical epithelium 
The terminal branches are called respiratory bronchioles (Fig. 218), because 
in places the normal bronchial wall is replaced by patches of thin flattened 
cells through which gaseous interchanges can take place. Each respiratory 
bronchiole leads into an expansion, the vestibule, from which arise several 

E ages, the atria. Each atrium leads into two or three air-sacs (infundi- 
); the walls of the air-sacs are studded with minute evaginations, the 
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alviutlL Tl)(‘ iilvcDli an*. lincMl by large, thin, tlattened cells, but in places 
clumps of cubical gnuuilar cells are seen. External to the lining epithelium 
are yellow elastic fibres and numerous thin-walled blood vessels. The term, 
alveolar air, does not r(*fer to the air which is present in the anatomical 
alveoli, but is used to describe the air in the depths of the Imu] which is more 
or less in contact with the respiratorif epithelium^ and can thus mrry out gaseous 
interchanges with the hlood. Alveolar air is a physiological and not an anatomi¬ 
cal entity. It is aj)f)roximately equivalent to the “ functional residual air,’* 
i,e. the sum of the reserve air and the residual air ; the average volume is 
about 3()()() c.c. 

A sample of alveolar air can be collected by the method of Haldane and 

Priestley. A raj)id maxmial expiration is 
made down a narrow tube about 4 feet long, 
and a sample is obtained of the air which 
is expelled last from the lungs. By this 
means the air in the mouth, pharynx, and 
air passages (the dead-space air, infra) is 
driven out and alveolar air from the depths 
of the lung is collected; it is analysed with 
the Haldane gas analysis apparatus. The 
composition of alveolar air is : CO* 4'7-6‘4% 
(average 5*6%), oxygen about 14%, nitrogen 
80%; it is saturated with water vapour at 
body temperature. The average tension (or 
pressure) of alveolar COg is 40 mm. Hg ; that 
of alveolar oxygen is 100 mm. Hg. 

The tension of the gases in alveolar air 
is calculated from the percentage composition 
J'io.2l8—Dmgr«mofTermina- thus; the total pressure exerted by all the 

tion of Respiratoiy Bronchiole, gases in alveolar air is equal to atmospheric 
6«Ee8piratory bronrhioie; »«veHti- pressure (e,g. 760 mm. Hg). Alveolar air is 
V sa‘in-ated with water vapour at 37° C. which 

exerts a pressure of 47 mm. Hg; the 
pressure of the dry gases (CO„ 0,, N,) is consequently 760—47=713 mm. 

The average tension of CO, is therefore 713=40 mm.; that of 0, is 
713=100 mm. 

The breatliing is normally adjusted to maintain a fairly constant com¬ 
position of the alveolar air, because the alveolar air regulates the tension of the 
gases in the arterial hlood. Enough fresh air has to be introduced into the 
alveoli to replace the oxygen taken up by the blood, and to get rid of the 
CO 2 which has (jonui out of the blood. The venous blood which arrives at the 
lungs gives off COg and takes up oxygen until it comes into equilibrium with 
the air in the alveoli. The tensions of the gases in arterial blood are therefore 
normally about equal to those in alveolar air. The arterial gas tensions can 
thus be approximately deduced if the alveolar gas tensions are known, so long as 
the pulmonary epithelium is normal in character. 

(8) Dead-Space Air is found in the air passages, i.e. the nasopharynx, 
trachea, bronchi. It does not come into contact with the pulmonary 
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epithelium and carries out no interchanges with the blood. Expired air is a 
mixture of dead-space air (which is identical in composition with inspired 
air) and of alveolar air. The volume of the dead 8j)ace can be calculated if 
the composition of inspired, expired, and alveolar air and the volume of the 
tidal air are known.^ 

Th(? formula usually used is : 

Dead Space= 

Tidal air x (00.2% in alveolar air -COg'Jo In exj)ired air) 

(.■ 02 % ill alveolar air. 

It is probable that the anatomical dead space—in other words, the actual 
capacity of the resjiiratory passages—alters litthi in dillcnnit clinical condi¬ 
tions and is affected only by constriction or dilatation of the bronchioles. 
Calculated in the manner described above, the dead space usually amounts 
to about 150 c.c. and constitutes 25-30% of the tidal air. 

Air Movements during Respiration.—During inspiration the size of 
the thoracic cavity is increased. The air in the depths of the lungs follows 
the outward movement of the chest wall. As the capacity of the lungs 
is increased, first the dead-space air and, later, the fresh air from outside 
enter the depths of the lungs. One must imagine an interface bctwcMui 
the air previously present in the alveoli, and that which has newly entered, 
across which gaseous interchange occurs. The newly inspired air does not 
come directly into contact with the pulmonary epithelium. The inspired 
air during quiet breathing amounts to only one-seventh of the air permanently 
present in the lungs. The alteration produced in the alveolar air by the fresh 
air breathed just compensates for the interchanges which are taking place between 
the alveolar air and the pulmonary blood. The efficiency with which the tidal 
air ‘‘ washes ” the alveolar air depends to a considerable degree on the 
amplitude of breathing. If the depth of the breathing were reduced to the 
size of the dead space no ventilation of alveoli would take place at all. 

Laws of Gases.'^~-(1) At constant temperature, the volume (V) occupied 
by a gas is inversely proportional to the pressure (P). (PV = constant.) 

(2) At constant pressure, the volume of a gas is proportional to the absolute 
temperature (0® C. is 273® on the absolute temperature scale). 

(3) The partial pressure or tension of a gas, in a mixture of gases having 
no action on one another, is equal to that which the particular gas would 
exert did it alone take up the space occupied by the mixture ; in other words, 
in a mixture of gases at a certain pressure, the total pressure is divid(^d 
between the different gases in proportion to their relative volumes. 

^ This is shown by the following exanmie : 

Volume of tidal air = 500 c.c. COj content |ier cent, of inspired air=0 ; of expired 
air=4‘0 ; of alveolar air- 6-0. Ijet a:=vol. of deatl space. 

Amount of alveolar air in c.c. present in expired air i.s 500—a*. 

Volume of COg in c.c. in expired air=-voL of CO™ in dead 8pace^“Vol. of COj in 
exhaled alveolar air. 

Substituting : 

500x_4=a:x 0 f (500-a;)x 6 

Too Tod 

2000=3000-63*. 

6a;=1000 c.c. 

X— 166 c.c. 

“ Crockford and Knight, Physical Chv.niiniry, M.Y., 1050. 
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TENSION OF GAS IN LIQUID 


(4) The amount of gas going into solution in a liquid which has no chemical 
attraction for the gas depends on its solubility and is proportional to the 
partial pressure of the gas. 

The solubility of the respiratory gases in c.c. per 100 c.c. of water, 
plasma, and blood at 38° C. and 760 mm. llg pressure is as follows : 



Watjcr. 

Plasma. 

Blood. 

Oxygen 

2-37 

2-30 

2-3(J 

Nitrogen . 

1-20 

1-20 

MO 

CO, . 

555 

54-1 

54*1 


Note that the solubility is diminished by the prt‘S(‘nct* of salts in plasma 
and blood, and that COg is far more soluble than either Og or Ng. 

Tension of a Gas in a Liquid.—The meaning of this expression is a 
little dilficiilt to grasp and is best illustrated as follows : if a liquid is exposed 
for a sufficient length of time to a certain pressure (tension) of a gas, e.g. 
if water is exposed to a pressure of CO 2 of 40 mm. Hg, the molecules of the 
gas (CO 2 ) pass into solution in the liquid until equilibrium is reached; the 
tension of the gas (CO 2 ) dissolved in the water is then the same as the 
tension of the gas outside, i.e. it is 40 mm. Hg. One must picture the dis¬ 
solved molecules of the gas as having been “ bottled in the liquid under 
pressure, and that th(\se molecules are “ trying'’ to escape from the liquid 
with a pressure ecpial to that with which they were driven in. If th(3 liquid 
is exposed to a higher CO 2 pressure, e.g. 40 mrn. Hg, more OOg passes into 
solution ; if to a lower pressure, e.g. 35 rnm. Hg, COg leaves the solution ; if 
to the same pressure (40 mm. Hg) no loss or gain of (Xlg takes place. Two 
gases may be dissolved in a liquid at the same tension and yet the volumes 
in solution may be very different, depending on the respective solubility 
of the gases. Thus (at 38® C.) 100 c.c. water which are exposed to a COj 
pressure of 40 ram. hold about 2*5 c.c. COg iu solution; but exposed to the 
same pressure of Og, only about 0-12 c.c. of oxygen passes into solution 
(though the tension of the two gases in the water is exactly the same). The 
tension of a gas in a fluid may be determined by exposing it to various gas 
mixtures of different cornpo.sitions, and finding with which it is in equilh 
brium, i.e. when no gas is given off or taken up. Krogh’s method (p. 3r»7) 
may be employed in ex])erirnents on the blood of animals. 

Gaseous Interchanges in the Lungs.—The gaseous interchange 
between the alveoli (air-sacs) and the pulmonary capillary blood depends 
entirely on the physical process of diffwion, i.e. on the difference of gas 
jiressures in tlie blood and the alveolar air. There is no active intervention 
(so-called gas secretion) by the pulmonary epithelium. The velocity of 
gaseous exchange Ix'tween the lungs and the blood dei)ends on : (i) pres.sure 
difference, (ii) soluhilitg of the gas in blood, (iii) the properties of the memhrane. 

Velocity of exchange = x K 

V density of gas 

where K - ^ surface 

thickness of lung membrane* 
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The pressure gradient in the case of COg is one-tenth that of Og, the density 
of C (>2 is 44 compared with 32 for Og, but COg is about twenty-five times as 
soluble as O^. COg, therefore, diffuses out into the alveoli more quickly than 
Og ({in'us(‘s into the blood in spite of the disj)arity in the pressure gradients 
for the two gases. 

1’he area of the lung surface is assessed at 55- 70 sq. metres ; the surface 
area, of tlie j)ulmonary capillarie.s is said to be 40 sq. metres ; the volume of 
blood pr(*sent at any moment in the caj)illaries is about 00 c.c. An extremely 
lin(‘. str(‘am of blood presenting an enormous surface and flowing through 
very short capillaries in l(‘ss than 1 second (p. 307) is thus (exposed to tin* 
alv(‘oIar air and is separated from it by two very thin membranes, i.e. the 
fuilmonary e])itlielium and the capillary endothelium. 

DkTKHMINATION of (fAS PuFSSUHKS IN AjITFRIAL AND MiXKD YkNODS 
Blood.— Uy means of Krofjh's acrolonomHer the tension oi’ the gases in arterial 
and vimous blood can be determined in expcuinumtal ahinuils. A cannula 
is introduced into the pulmonary artery or into a S 3 \steniic vessel. Tlie blood 
to Ixr (‘xaniined is then allowed to play for many minutes on a small air bubble 
in tin* apparatus until eqiiilil)rium is established. As the volume of the gas 
bubble is small and that of the blood which comes in contact with it is ver\’' 
large, the gases in the bubble* (.‘ome into equilibrium with the gases in the 
l)I(K)d. The bubble is analysed, the gas tensions in it are calculated, and thus 
the blood-gas tensions are determimjd. 

In Jhan the gas tensions in the mixed venoffs blood, i.e. that in the right 
heart or pulmonary art(‘ry, may lie determined directly by collecting a 
saniph' of blood from the right auricle (p. 271)). Arterial blood may be taken 
dirt'ctJy from a ])eripheral artery like the radial into a specrial syringe ; a 
gas biiblih* is then introduced into the blood in the apparatus and allowed to 
remain in contact with it until equilibrium is established ; the bubble is 
then analysed. 

'fh(' following Table shows the average results which an* obtairnxi : 


O, Tension. 


Cl ), Tension. 


xVJrcolar air . . . 

Alixofl venous blood (at rest) 
Arterial blood 


100 mm. llg 
40 mm. „ 
100 mm. „ 


40 mm. Hg 
46 mm. „ 
40 mm. ,, 


The dilVerences in gas tension betweeti alveolar air and blood are such as 
enable gaseous interchange to take place by diffusion, i.c. difference of gas 
tension on the two sides of the pulmonary epithelium. The oxygen tension 
in alveolar air is about 1(X) mrn. Hg, in venous blood it is 40 inrn. Ilg, i.e. 
there is a dilTerence of pressure of over fiO mm. llg on the two sides of the 
meml)rane. The corresjumding (Xlg tensions are 40 mm. and 46 mm. ; the 
difference of pressure in this case is quite small, only 6 mrn. Hg. As COg 
passes very readily througli the pulmonary ef)ithelium, it can be calculated 
that this small difference of tension is sufficient to eliminate from the body 
about 10 litres of COg per minute. A difference of COg tension across the 
lung membrane of 012 mm. Hg is sufficient to enable the resting output of 
COj (200-250 c.c. per minute) to take place. 
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Intrapleural Pressure.^ —The intrapleural apace is very small in the 
living animal, as the visceral and parietal layers of the pleura are practi(^ally 
in contact. TJie pressure in the })Ieural cavity is subatniosphcric ; it is 
—5 mm. llg (i.e, 5 mm. lesa than almo.splmnc) during expiration and — iO iiirii. 
Hg during inspiration. The pressure in the lungs is about 1 atmosiiherc, as 
they are in free cornnuinication with the outside air. The full intrapulmonary 
pressure is not transmitted to tlie })leural cavity, however, owing to the 
elastic recoil of the Lungs (Fig. '2}U), The more the lungs are stretched, the 
greater is their tendency to recoil. Consequently, the more the lungs are 
distended by a deep inspiration, the more subatmospheric (i.e. more negative) 
does the pressure in the pleural cavity become. As previously pointed out 
(p. 275), the negative intrapleural pressure aids the venous return to the 

chest. If the chest wall is widely opened, 
air enters the pleural cavity and the lungs 
collapse (ride infra). 

Pneumothorax.^ —By pneumothorax 
IS meant tlie fvresence of air (or other gas) 
in the pleural cavity. A pneumothorax 
may be (i) ojwn, when air can |)ass freely 
ill and out of the phmral cavity through 
an ojKUiing in the chest wall or in the lung 
itself; (ii) closaf when the air is im- 
prison(‘d in the* j>h*ural (aivity; (iii) valrc 
iype, when a,ir enters fret^ly (during in- 
.<j)iration) but cannot ])a.ss out (during 
(‘xpiration). 

Vj X1 m: 111M ir. N1' A1. On i<: \ 1 * x i* u m (>'i’ 11 (> 11 a x. 

- In some animal s])eei»‘s, e.g, flog, tln^ 
mediastinal structures possess negligibli* 
resistance— tln‘y are not rigid and unyield¬ 
ing; the pr<*ssur(‘s in l)Oth pleural cavities 
are coiisecjuently always the same within 
Fn;. 21U.-—Mode ol V »idiiition of practical limit.s. Thus, in the dog, when a 

Nt'Uiiiivc tillr.i])l<'iiri IMessiire. jioJ,. js made in the chest wa,ll, air enters the 

pleural cavity on that side, the increased 
pressun^ is readily transmitted to the ojiposite side too, and tlusre is an ecpial 
rise of pressure on the two si(h\s. The response to this liimirauct; to breathing 
consists of an increasi^ in the dejitli of n*spiration. Th(‘,se points are well 
illustrated in Fig. 22M. An opening in the h‘ft fileura was made at the point 
indicated f>y the first arrow. Immediately after, th(*re is a change of pressure 
in both pleural cavities, from one which is wholly n(*gative (during both 
|)hases of res|)iration) to one which is mostly positive. Riispiration is increased 
iu anijilitude and slower ; in sfiite of the larger chest movements very little 
air enters the lungs, and the traeheal pressure is firactieally steady at tlie 
atmospheric pressure linn. (.)n closing the opening (second arrow) there is 
an immediate res[)on.se in lioth [)leLiral cavities with restoration to a large 
extent of the negative jiressure. More air now enters the lungs, as is 

* Priu/rnetal and Kountz, Mfuiir.infi. 14. 4”>7 

* Graham and Hell, Arner. J. med. Sci., 1918, 756, 850. Christie and McIntosh, Quart. 
•/. Med., 1936, S, 445. Alexander, CoUapae Therapy, London, 1937. 




EXPERIMENTAL OPEN PNEUMOTHORAX 


shown by the larger tracheal pressure oscillations. Breathing still remains 
slow. 


It is obvious that under the experimental conditions described, when the 
thorax is enlarged during inspiration, air 


will enter by both available inlets, i.e. the 
glottis and the new opening in the chest 
wall. It must be remembered that the 
elasticity of the lung and the frictional 
resistance in the air passages always 
imj)ede the entry of air into the lungs ; 
if the artificial opening is big enough, 
praclically no air enters the lungs even 
when the breathing becomes maximal in 
depth ; instead, all the air enters by the 
pneumothorax opening, and death from 
asphyxia ra])idly suf)ervenes. The smaller 
the new o[)ening and the greater the 
comf)ensatorv increase in breathing, the 
more \\ke\y is air to enter the Iiiml^s. 
(Iraham has (jalcuha-ted (on the nnproven 
assumption that conditions in man are the 
same as in the dop) t.liat in a person who 
could increase his tidal air to a vital 
ca}.)a(*ity of say ,‘1500 c.c., tin' larg(‘st siz(* 
of o])ening in the clu‘st compatible with 
life IS Ox lO cm. (a.re,a of glottis is 2-25 
square cm.); in other words, just enough 
air could be introduced intx) the lungs 
under these circumstanc(\s to ward olT 
asphvxia, but only for a short time (ef. 
p. ;570). 

OpeFi pneumothorax involves further 
complications : (i) constant risk of in¬ 
fection of the expos(*d lung; (ii) rapid 
heat loss—the temperaturti of an animal 
with an o|)en piuMimothorax may fall 
by 3-5® F. in 45 minutes, while if the 
abdomen is o|)(m(;d and the int(*stines 
are drawn out, the t(*mp<*rature only falls 
by I® F. in the same p<*riod ; (iii) as the 
mediastinal structures flap from one side 

Fla. 220.- -Acute Kx|)(Tiiiicntal Open PiuMimo- 
Ihorax. (After Orahani and Bell, Amer. 
J. me.d. Sci. lOlS.) 

Dor. Kthor An.Tsthosla. Kcconls from above down- 
wanls art', rosiilratory movfincats, tracheal pressure, 
left intrapiciirail presMure, riuht iiitrapltairal preftsure. 
Tilt* hnrizonUU line on each record represents the 
atmospheric pressure level. Time at bottom in 
seconds. 
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to the other with ins])iratiou and eicpiration, the heart’s action may he 
imj)o<k*(l. 

When an open pneumothorax is converted into a closed one, immediate 
and striking relief is obtained (Fig. 220). This is not due to ahsor[»tion of the 
air (though this does occur gradually into the blood), because the improve¬ 
ment is so very rapid in onset. The explanation is that n(iw, when the chest is 
enlarged during inspiration, the additional space niad(‘ available is taken up 
by air which e/tlers the lunc/s onhf ; asphyxia now occurs oiily when so much 
chest space is taken up by the pneumothorax that the minimum air require¬ 
ment cannot enter the lungs. 

Pneumothorax in Man.^ —It is believed tliai the vomtal mediastinal 
structures in man (as in dog) possess little resistance, with the result that 
the pressure in both pleural cavities tends to be ap})roximat(‘Iy the samt‘. 
But if the mediastinum is diseased it becomes much num*. r(*sistant and 
unyielding ; pressure changes are then not nt‘cessarily transmittt‘d readily 
from one i)leural cavity to the other. There appear to be no ol)servations 
in man as to wdiat happens to the pleural pressure on (he intact side in cases 
of traumatic of)(!ii pneumothorax. The pressure in tlie open j)leural eavity 
is of course atmospheric ; in the intact cavity it is probably subatmosf>herie 
to a degree which dey^ends on the state of the mediastinum. Under tlies(‘ 
conditions the chest cavity may be regarded as divided into two distinct 
co!n{)artnients which function largely inde|)endcntly one of the other. As 
the pressure in the ydeural cavity and that inside the lung on the affrrfnl side 
are both atmosyiheric, the lung on that side collapscft by virtue^ of its own 
elasticity. During ins])iration, the enlargement of the intact half of the 
thoracic cavity leads to normal ex|)ansion of the lung on that side*; the 
enlargement of the chest on the aflected side leads to air being asj)irate(l into 
the oj)en [)leural cavity from the exterior, the lung on tliat side, remaining 
collapsed, no air entering it from the tracluja. During exyhration some of 
the air exi)elled (at slightly y^ositive y^ressure) from the normal si(b‘ may y»ass 
into, and slightly exyjand, the collayjsed lung, this air being sucked out again 
during inspiration. The mediastinal structures swing from sid(‘ to side with tli(‘ 
phases of resynration ; as a result there is y)eriodic kinking of the thin-walled 
great veins, resulting in interference with the venous return and decrease in 
the cardiac output. Comy)ensation is efiected by rouglily doubling th(‘ 
amyditude of the movements of the chest wall and so doubling the ventilation 
of the normally functioning lung which makes up for the loss of the affected 
lung. The increased pulmonary ventilation is y)artly brought about by the 
combined action of anoxia and COg accumulation ; in addition afferent 
impulses pass up from the collapsed lung along the vagus nerve reflexly 
stimulating the resy)iratory centre (p. 457). If the circulation through the 
collapsed lung is blocked and the whole right ventricular outy)ut y>ass(is 
through the ventilated lung then arterialization of the blood may be normal 
so long as the effective y)ulmonary ventilation is adequate ; to the extent, 
however, that any circulation continues through the collay)sed lung, the 
venous blood is shunted unchanged from the right to the left heart leading 
to anoxic anoxia and COg retention, which intensify the resy)iratory distress 
(cf. p. 448). Closure of the oyjeriing in the chest wall relieves the symptoms 
for the reasons explained above. 

^ Sanerbruch and O’Shaughnefisy, Thoreusic Surgery, London, 1937. 
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In valvular juieuinotljorax the pressure on tlie atrected side may rise as 
high as +20 nun. Hg. Under t;hese conditions the mediastinum is markedly 
displaced and presumably the* ]>ressure in tlie intact pleura] cavity is raised ; 
the capacity of the cht*st cavity on that sid(^ is decreased. An even gniater 
effort is needed to ventilate the intact lung adecpiately for bodily iK'c.ds. The 
raised mtraj)leural pressure combined with the mediastinal djs|)lacemeiit 
probably reduces the blood flow in the great veins and the filling of tin* 
auricles, thus leading to a diminished pulmonary blood flow and a deennised 
systemic cardiac output. Because of these additional complications great 
respiratory distress is tjxj)erience<l ; there is marked cyanosis and the \dsible 
veins are greatly engorged. Marked relief is experienced when the imf)risone(l 
air is withdrawn to lower th(' intrapleural pressure. 

In closed pneumothorax such symptoms as may be present are due mainly 
to the collapse of the affected lung (p. 448). But during inspiration the 
(Milargement of the chest cavity leads to an equivalent volume of air being 
drawn into the lungs so that adequate arterialization of the blood may often 
be eHected. 

Absorption of Gas from Pneumothorax. —Gases are frequently intro¬ 
duced into the pleural cavity to cause partial collapse of the lungs as a 
therapeutic; measure in c(?rtain forms of pulmonary tuberculosis ; the con¬ 
dition produced is call(*d an artijicial 'pneumothorax. As there is no o])ening 
in tlie chest wall, large volumes of gas can be thus introduced without causing 
any distress (]). .370) ; th(‘ gas (usually air) is always slowly and finally com- 
f)lctely abs()rb(‘d into the blood. The viscera) layer of the ])leura is pennealile 
to the respiratory gases (Og, COg, and Ng) ; gaseous interchange occurs 
b(*twoen the gas in the pleura and the venous blood in the pulmonary capil¬ 
laries to establish pr(‘ssure equilibrium on the two sides of the membrane. 
The pressure of the pmmrnothorax gases is about atmospheric (760 mm. Hg) : 
the total pressure of all the gases in arterial blood is also atmospheric as it is 
in pressure equilibrium with the gases in the alveolar air ; the total gas 
pressure in the venous blood is, however, suhstantiallg less than atmospheric 
(and therefore less than that in the pneumothorax) because it has suffered a 
large fall of oxygen pressure, but has only received a small increase in COg 
pressure. This is shown in the following table (pressures in mm. Ilg) : 




Ark*rial 

1 Voiious Bloofl 

I’lTssurcs. 


in in in. Hg. 

1 in nini. Hg. 

'rotJil 

, i 

700 

700 

\Va1(;r va])r)nr . 


17 

! 47 

Dry gnsos . 


713 

; 000 

Oxv^<*M 


100 

40 

C.'irboii (Jioxiclo . 


40 

46 

XitrogiMi . 


r.7:{ 

57.3 


As a result, gaseous diffusion takes place from the pneumothorax into 
the pulmonary venous blood until complete absorption occurs. 

In practice, when an artificial pneumothorax is produced therapeutically, 
about 400 c.c. air are injected on the first occasion ; second and third “ refills ” 
of the same amount an; mad<* after two and three days respectively. Later 
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larger aniouiits (about 700 c.c.) are injected at longer intervals (every two 
or three weeks). If the visceral ]>leura is thickened as a result of inflaininatory 
change it becomes impermeable to gases, and the pneumothorax cannot be 
absorbed. If the lung is fibrosed and cannot ex})and, only a small initial 
absorption of gas occurs, as the lungs cannot enlarge to fill the space provided 
and thus restore the pleural pressure to its original value. 

Determination of Gaseous Metabolism.—It is possible by means of 
simple respiratory methods to determine the oxygen consumption^ the GOm 
output, the respiratory quotient, and the metabolic rate under various conditions 
of health and disease. A mouthpiece with two suitably arranged valves is 
employed ; atmospheric air is breathed in through one, and the expired air is 
breathed out through the other. A large canvas Douglas bag of 100 litres 
capacity or more is connected to the expiratory side of the mouthpiece, and 
expired air is collected for a suitable time, usually 5 minutes. The volume of 
the expired air is found by passing it through a special gas meter (spirometer), 
and its composition is determined by analysing a sample in the Haldane gas 
analysis apparatus. This apparatus consists of a 10 c.c. graduated burette 
(into which the gas sample is introduced) connected to two bulbs—one con¬ 
taining potash for the absorption of CO 2 and the other alkaline pyrQgallol to 
absorb O*. The initial volume of the sample is read off on the burette (e.g, 
10 c.c.) and the decrease in volume observed which results from the successive 
absorption of CO 2 and O 2 . The percentage amount of these gases in the sample 
is thus determined. [The Haldane gas apparatus is used for the analysis of 
any suitable gas mixture— e.g. inspired, expired, or alveolar air.] From the 
data thus obtained the CO 2 output and Og consumption per minute may be 
determined thus: 

Pulmonary ventilation per minute (from spirometer readings reduced to 
N.T.P)=*6 litres. 

Inspired air : 02 = 21, COg =0 per 100 c.c. 

Expired air (from analysis of sample) : 16, 002 = 4 per 100 c.c. 

For every 100 c.c. air respired COg given out is 4 — 0 = 4 c.c. ; Og 
absorbed is 21 — 16 = 5 c.c. As the minute ventilation is 5000 c.c. 

.*. O 2 consumed is 250 c.c. ; COg output is 200 c.c, per minute.^ 

The O 2 cunsuuipfion can be <letcrinin(Ml directly by means of the Benedict - 
Koth apparatus (p. 375). 

Respiratory Quotient.^— The resjnmtorij quotient (R.Q.) is the ratio of 
the volume of CO^ evolved from the lungs/the volume of absorbed from the 
lungs m a given time. 

2(K) 

In the above example it is 

The respiratory exchanges and the R.Q. can thus be determined under 
varying conditions of diet, health, and disease. Two additional points should 
be stressed. 

(i) It is difficult to determine the R.Q. accurately in untrained subjects 
because they almost invariably over ventilate as soon as they begin to breathe 

^ For full details of calculation which arc Kiven in a simplified and not entirely exact 
form in the text, see Douglas and I’riestlcy, iJuman Physiology, 3rd edn., Oxford, 1948. 

^ Kichardson, Physiol, Rev., 1929, 9, 61. 
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through valves; they thus eliminate more COg than normally and so yield 
a misleading high R.Q. value. It is desirable that a preliminary practice 
period of 15 minutes breathing through the valves should precede the actual 
determination. 

(ii) The R.Q. is only a ratio: if the Og consumption or COg output are 
equally increased or decreased the R.Q. is unaltered. Thus if the ventilation 
is increased because of an increase in metabolism {e,g. in exophthalmic goitre) 
the R.Q. is not necessarily altered, because both Og consumption and COg 
output rise. The R.Q. would change only if there was some other associated 
change, e,g, in the food mixture used by the body, or in the blood reaction. 

The respiratory quotient has been intensively studied in many conditions 
in health and disease and the main results are summarized below ; but it 
must be confessed that the respiratory quotient frequently gives no informa¬ 
tion about metabolic processes in the body; on the contrary, a knowledge 
of the meUibolio processes taking place is generally necessary to interpret the 
K,Q, Furthermore the R.Q. throws no light on the stages of intermediate 
metabolism. 

(1) Effect of Combustion of Foodstuffs, Intermediate Meta¬ 
bolism AND Diet. —If pure foodstuffs are burnt in a bomb calorimeter their 
respirato]^ quotient can be measured directly. 

(i) With pure carbohydrate it is 1. 

CeH„0e+60,=6C0g+6Hg0 

i.e. the volume of COg evolved is equal to the volume of oxygen used. 

(ii) With the fatty acids derived from food fat the R.Q. is about 0*7. 

Ci 7 H 36 C 00 H+ 2602 = 18 C 02 + 18 H 20 . 

R.Q.=18/26=:0*693. 

Fat contains very little oxygen which must consequently be provided 
in sufficient amount to oxidize both the hydrogen and the carbon of the fat 
molecule. 

(iii) With pure protein it is about 0-8. 

It may be safely assumed that when fat or carbohydrate is completely 
combusted in the body the R.Q. is still 0*7 or 1 •() respectively, whatever the inter¬ 
mediate stages through which the foodstuff passes. This fact is illustrated by 
the following example. Let us suppose that food fat or reserve fat is converted 
in the body to carbohydrate which is then combusted. The reactions involved 
in these transformations can be crudely summarized as follows : 

(а) CijjH3gO2-|-8O2=3C0Hj2Og. 

stearic acid. glucose. 

(б) 3CeHi206+1802=18C02+18H20. 

Adding the two reactions to get the R.Q. of the whole process ; 

(^) C28H3g02+2602=18C02+18H20, 

18 

i.e. R.Q.=-—==0’693, which is the R.Q. of the direct complete combustion of 
26 
fat. 

When carbohydrate is converted into fat which is stored and not com¬ 
busted the reaction can be summarized as follows : 

(d) 3C0H,2O„=C,«H3eO2+8O2. 
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RESPIRATORY QUOTIENT 


Go is thus released which is used by the colls for oxidation processes, so 
reducing the Og intake from the lungs without decn^asing tissue oxygen 
consumption or COo formation or elimination. Tlui li.Q. is the ratio of Go 
intake from the lungs/CGo output from the lungs ; jis the numerator (the 
O.J intake in the lungs) has fallen owing to n^action (d) the. value, for 

the whole metabolism of the body is lowered. 

Conversely reaction (a) supm while taking f)laee alone involves additional 
uptake of Gg in the lungs over and above that needed for oxidation of the 
foodstulTs ; in the ratio G^/CGg the numerator is incr(*ased and so tin* li.Q. 
of the ndwle metabolism of the body is raised. 

It follows therefore that if th(i R.Q. is determin(‘d from measurements 


extending over hug continuous periods^ the value ol)taiued will approximately 
indicate the mixture of foodstuffs undergoing oxidation, e.g. if carbohydrate 
predominantly is being oxidised the R.Q. will approximate to I, if fat the R.Q. 

will be about 0*7. There is a tendency 



also for the tissues normally to utilise 
preferentially the foodstuff most freely 
available, so the R.Q. will tend to 
vary with the comf)osition of the 
food. The non-nitrogenous residues of 
protein enter the common metabolic 
pool and are then treated essentially 
as intermediates from the oxidation of 


0-2 


carbohydrate and fat. 


5 10 15 20 

HOURS AFTER FOOD 

Fit}. :22l. (.^lianges in llospiratorv Quo¬ 
tient following a Large Me;il. 
(VVerlliesriOTi, Amer.J. Physiol.^ 

12ih 4:)8.) 


The R.Q. determined over a short 
period will dcp(‘ud on the R.(J. of the 
intermediate processes through which 
all the foodstulTs are passing during 
the time. Thus rats wen* given the 
whole of th(;ir daily di(d/ in one meal; 


givi-n their tckkI for the day in oiio the R.Q. sulhseoucntlV d(‘(ermine(i at 

me:il. Note llH! txlen<iv«r (liietuutioiis ill • , , ■ i i ^ i i . 

u.o.‘Uiriiie the fviiiowiiii; IS hours. intervals vari(*(l het,ween 0*2< and !•(» 

(FiR. 221). 

(2) Diauktks Mellttus. .The intiirjiretation of tin*. R.Q. in diabetes 

mellitiis is considered on p. ‘.)20. 

(3) Altekations tn Rulmonaky Ventflation.- -The R.Q. is affected 
(independently of any change in the nature of foodstuffs oxidised) wlien, in 
conditions of stable metabolism, the ptilmonary ventilation is altered either 
voluntarilg or secondarilg to a rise of body temperature or to fluctuations in the 
H ^ ion concentration of the blood (cf. Fig. 57). Thus : 

(i) Voluntary hyperpnoea washes out excessive quantities of COg (without 
increase in O 2 consumption); the R.Q. may rise considerably above unity. 

(ii) In acidaemia from any cause, e.g, ingestion of NH 4 CI, or secretion 
of the alkaline intestinal juices, there is hyperpnoea (p. 396) with increase 
in CO 2 output but again without corresponding rise in O 2 consumption; 
the R.Q. therefore rises. The same applies to the hyperpnoea of raised body 
temperature (p. 478). 

(iii) Conversely in alkalaemia. e.g. from ingestion of NaHCO,, the breathing 
is depressed, COg is retained in the body, and the R.Q. falls (p. 397). 

(4) Violent Exercise. —During very violent exercise, lactic acid enters 
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the blood stream and breaks up the plasma NaHCOg, liberating large addi¬ 
tional volumes of COg which are eliminated from the lungs ; the K.Q. may 
then exceed 2. During recovery from exercise, COj, which is derived from 
oxidative [irocesses in the muscles, is retaine<l in the blood in large amounts 
to reform the bicarbonate, and the R.Q. falls to a very low value (p. 439). 
Tlie U.Q. is not all‘ect(;d in a constant manner by moderate exercise b(*cause 
there is no acidamiia and roughly the resting mixture of foodstuffs is being 
metabolized (cf. p. 438). 

Metabolic Rate. —From a knowledge of the respiratory exchanges, 
the metabolic rate, i.e, the energy produced in the body, can be indirectly 
determined. It may be assumed for the sake of simplicity that all the 
energy is derived from varying proportions of carbohyclrate and fat. The 
metabolism of protein, apart from the nitrogenous fraction which is excreted, 
is essentially tliat of the carboliydrate and fatty acids (or their interm(‘diates) 
deriv(‘d from the residues. 

If different fmjportioiis of carbohydrate and fat are burnt in a calorirmd.er 
with 1 litn^ of oxygem, it is found that pure carbohydrate*. (U.Q.—1) yields 
about r> Calories,^ pure fat (R.Q.= 0-7) yields about 4*8 (’alories, and various 
mixtur(*s of carbohydrate and fat (R.Q. between 0-7 and 1) give betw'(*en 
4*8 and b Caloricjs as shown in the Table below. 


R.Q. 

Calories evolved j>er IJtre 
of 0, consumed. 

0*71 

4-795 

0*76 

4-829 

0 80 

4 876 

0*86 

4*921 

0 9 

4-967 

0 96 

6-012 

1*0 

6-058 


It is assumed, probably unjustifiably, that the R.Q. values obtained in 
man have a similar significance. The R.Q. being knowm, the heat value of 
1 litre of oxygen is deduced from the table ; if the oxygevt consinnption is 
also known tlie heat production can be determined. Thus, if the R.Q.—0*8 
(calorific value per 1 litre Go—1*875), and the O 2 consumption per minute 
is 0*25 litre, then the heat production per minute is 0*25 X 4*875- 1*22 Calories. 

ClinicaUff t he metabolic rate under conditions of complete rest and fjisting 
(basal metaholic rate, p. 377) is calculated from the oxygen consumption 
alone. This is determined most readily by means of the Beiiedict-Roth 
apparatus which consists essentially of an accurately constructed tank filled 
with oxygen and suspended in water. It is connected by means of tubing 
through a soda-lime tower to the patient’s mouth (the nose is clipped). The 

^ One cnlorie is the amount of heat required to raise the temj)erature of 1 g. of water 
hy 1° C. : a more precise term is 1 g.-calorie. It may bo abbreviated to 1 cal. [Tn 
physiological texts it is sometimes referred to as 1 small calorie.] 

One Calorie =t= 1000 oalories. It may lie abbreviated to 1 Cal. A more precise term is 
1 kg.-calorie. [It is sometimes referred to as 1 large calorie.] 
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Subject 


Binding post 
For pen 

~ mm scale 
Pointer on 
counter wght 


222.— Benedict- Koth Apparatus for determining the Metabolic Rate. (Beaumont and 
Dodds, Hecent Advances in Medicine, Churchill.) 


Th« arrowi in the diagram ihow Uie direction of the flow of air during retplratlon. 



Fio. 223.—Graphic Record of Determination of Metabolic Rate. (Beaumont and Dodds, 
jRerefd Advances in Medicine, Churchill.) 

The record (which reads from right to left) is obUlned using the apparatus shown in tlie preceding figure. 
ThS nartlSilar instrument^so cxinstructei that eanli 1 mm. fall of the spirometer liell (aini correspond¬ 
ing rise in tiie record) represents 20-73 c.c. oxygen used (this value is not corrected to If the 

efdorlfic value of oxygen is assumed to be 4-82 Cal. per litre, lih u c.c. ol ux^gi-n represent the 

SSohition of 0^ Cal in this experiment the rise in the reco d in 6 minutes is .8 mm. corresponding 
in an uncorrected heat output of 78x0-1 Cal.—7-8 Cal., or 1-d Cal. per minute. 


f oxygen is asi 
Cal. In this 


to an uncorrected heat output 
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patient rebreatlios from the tank ; the COg formed is removed by means of 
tlie soda lime, and the decrease in the volume of oxy^;en in the tank is a 
direct nieasun? of the oxy^aui consumption. The CO 2 output is not deter¬ 
mined, and the r(*spiratory (jiioticuit is assumed to be ()*75 (as the subject is 
fastin^T), (lorrespondinj^ to an output of 4*82 Calories per litre of oxygen 
(;onsum(*d (Figs. 222 and 22o). 

Basal Metabolic Rate (Basal Metabolism.)^—?>y this is meant thc^ 
emugy output of an individual under ttfandartUzed rcfilivtj conditions, i.e. at 
coinplete bodily and ])sy(diical rest, 12-18 hours after a meal (post-absorp¬ 
tive f>eriod) and in an e(]ual)le. environmental temperature. It can be deter¬ 
mined l)y the methods just described. Under such conditions a proportion 



METABOLISM : DEVIATION FROM STANDARD MEAN % 

Fig. 224.— B<nsal Metaboli.stn in !SIyxn»flonia and t^xophthalniic (Juilre (.‘orripared with a 
grenp ef Normal Individuals, (l)ii lh)is, Aun. hit. Med., 1938, 12.) 

Ordinate; yieroenInRo fr(*qni>in'y for each croup. 

Abacirtsa : indabolU’ r.ntc as pcnvnlace deviation from accey)tiHl normal averace standard (~0). 

Note thsit almost all tlu' < asrs ol'inyxa'dema tall »m*1ow the normal range ; those of exophthalmic* goitre 
(Graves’ disease*) are all above the normal range. 


of the energy lilteratcd is used to maintain the activities of vital organs like 
the heart, l>rain, or glands, but the greater part is converted into heat so as 
to maintain l)ody temptuature and prevent it from falling below the normal 
level. The basal rm‘tabolism is not the lowest possible level to which the 
metabolism can fall in the subject; it may be lowered further, for example, 
by starvation or thyroid deficiency ; it is simply as stated the metabolism 
under standard resting conditions. 

Clinically the basal metabolic rate (B.M.K.) is ^pressed as a percentile 
he)nw the t heoretical normal standard for the individual, taking 
into account his ag^ heweight, etc. (}). 378). Tims a B.M.It. of +50 
meaTTs'liiurwhich is 50*’^ 'aboveth'+nornial average for that person. Fig. 224 
shows that the normal range of metabolism in people of identical physical 
status may varv commonly by + 10% and rarely even by as much as 
+; 20 %. 

1 Boothby and Sandiford, Phydol. Ilev., 1024, 4, 09. l)ii Bois, Basal Metabolism in 
Health and Disease, ard edn., rh'ila., I9H0. Poters and Van Slyke, Quantitative Clinical 
Chemistry, 2iid edn., vol. 1, pt. i, p. 1, 1946. 
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Factors influencing Metabolic Rate. —(1) Surface Area. —The basal 
metabolism is most closely reJat^id to the surface area and is less dir(*(*tly 
related to hei^hl or weufhl. 'J’he surface area can be cal(*ulate<l from 
the following formula if the height and weight are known (Du Hois) : 
A = X X 71-84, where A— surface area in sq. cm., W-weight in 

kg., and U== height in cm. 

In the male 40 Calories, and in the fe^nale aduh about 37 Calories, are given 
off every hour per square metre of body surface (the surface area of an axcrage 
adult is about 1*8 sq. metres) ; or, expressed in terms of body weight, the 
basal metabolism amounts to about 1 Calorie ptT kg. per liour. The values 
quoted for metabolic rate are avera(je normal values ; an average implic's 
that higher and lower values occur. The range of normal variation was 
referred to above. 

(2) Age. —The basal metabolism is considerably greater per sq. metre 
of surface in chihlren than in adults ; tluTe is a furtluM- gradual fall in tlie 
metabolism during a<lult life as age advanc<‘s. These facts are well shown 
in the Table below. 


j ; B.Al.K. in Calories 

j Age ! per sq. metro per hour. 
1 in years.-- 



Male 


2 

f)7 0 

525 

0 

530 

50-6 

8 

51-8 

470 

10 

48-5 

45!) 

16 

45-7 ! 

‘ 38-8 

20 

41*4 1 

30-1 

30 

30-3 ; 

35-7 

40 

38-0 ! 

35*7 

r)0 1 

30-7 

340 

00 i 

3r>-.5 

320 


Fig. 225 shows two B.M.R. determinations carried out by Magnus Levy 
(the pioneer investigator in this field) on himself at an interval of 50 years ; 
the decrease in liis B.M.R. (per hour, per kg. per hour and |)er sq. metre ptT 
hour) is strikingly demonstrated. 

(3) Starvation or prolotujed mulermUrilioii dam[>s down the metabolic 
rate. For exanij)le, in a man who had fasted 31 days, the daily basal meta¬ 
bolism diminished from 958 to 737 Calories f)er sq. metie of surface area - 
a fall of over 20% (p. 1048). In poorly nourislied patitmts the reduced body 
weight can finally be maintained on considerably less than the standard 
basal caloric requirements. 

(4) Body Temperature. —For every rise of 1° F. in the internal tenijuna- 
ture of the body, the basal metabolism increases by 7%. The cheinical 
reactions of the body, like those occurring in a test-tube, are speeded up 
by a rise of temperature. Thus, a patient suffering from pneumonia with 
a temperature of 105® F. (about 7® F. above the normal) would have an 
increase of 50% in his metabolism (and in his pulmonary ventilation) because 
of the fever alone. 
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(5) External Temperature.— Exj)C)surii to cold increases the metabolism ; 
there is consequently increased lieat production which helps to maintain the 
normal body terii[)erature (p. 4rS0). Exposure to external heat of brief 
duration has little effect on metabolism, as compensation is effected mainly 
by increasing heat loss ; if the exposure is prolonged, a gradual fall in the 
nH*tabolic rate takes j)la.ce (f>. 470). 



5 1891 

>: 1941 
DIFFERENCE 



^ s 

•1 


V) 


S: 

CALORIES 

AGE 

YR. 

5l 

Si 

CARBON 

DIOXIDE 

cxm.per 


HEIGHT 

1 



1 

V) R. 

26 

23t 

192 

0*63 

1670 

67-5 

1-76 

67 

0-99 

38*1 

76 

176 

156 

0*90 

1655 

60-0 

1*65 

52 

067 

315 

50 

-24% 




-11% 

-6% 

-22% 

-12% 

-17% 


Fio. 225.—A Likeness of Professor Magnus Levy and the Changes in his Basal 
M(*tal)olic Rate after 50 years. 


(6) Ductless Glands. —(i) The active principle of the thyroid gland— 
thyroxine —acts as a general catalyst, speeding up the metabolic activities 
of the tissues (p. 977). 

Thus in exophthalmic goitre, in which there is increased secretion of the 
active principle of the gland, the basal metabolism may increase in a severe 
case up to double the normal (t.e. the B.M.R. is up to+ 100 (Fig. 224)). In 
mjrxoBdema, in which there is lessened secretion of thyroxine, metabolic 
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activity may be depressed to 60% or 70% of the normal {i.e, the B.M.R. 
is — 30 or —40; the last value is about tlie lowest ever observed clinically 
and represents the mininnim metabolic level (Fi^^ 224). 

(ii) Adremilwe increases the metabolic rate, but to a less extent than 
thyroxine. The injection of 1 m". adrenaline in man increases heat pro¬ 
duction U[> to about 20% for a few hours only. 

(iii) The anterior pituitary influence.s the metabolic rate indirectly 
through its thyrotrophie hormone. 

(7) In certain other conditions there is an increased metabolic rate for no 
very clear reason. This is seen in both splenomedullary and lymphatic 

Uuka mia, in which the increase may 
I be of the same order as that found 



3 5 7 

HOURS 


Fig. 226.— Effect of Ingestion of Protein 
on Metabolic Kate (Specific Dynamic 
Action) in Man. (Modified from Abel, 
Amer. J. med. Sci., 1943, 205^ 417. 

The Hubjerta ate a meal rontaining k. of protein 
and ft I?, of fut. OrdlTjatt*s siiow pfreontuRp 
iiUTPnst! in metabolic rate. The in>per and lower 
dotted lines (N, N) show the upper and lower 
limits of normal re.sponses. Curve-s A, B, C 
show the resy>onscs in three normal subjoets. 


in Graves' disease. A less marked 
increase is found in pernicious 
ancemia and in congestive heart 
failure, 

(8) The taking of food stimulates 
metabolism. This effect is not 
equally marked with all classes of 
foodstuffs, being least with carbo¬ 
hydrate and fat, and greatest with 
protein. If 126 g. of protein in the 
form of meat are eaten at one meal, 
the metabolism rises to reach a 
maximum after 3-5 hours and then 
slowly declines (Fig. 226) ; the peak 
percentage increase is 10-35% ; the 
total increase in metabolism may 
average 20% over a period of 4-6 
hours. If carbohydrate and fat are 
eaten in amounts of equal calorific 
value, the metabolism increases by 
only 5-10%. The more striking 
effect of jirotein is termed its specific 
dynamic action. The increase in 
metabolism is attributed to a stimu¬ 
lating action on cellular metabolism 
of the fatty acid residues which are 


left after the NHg groujnngs have 
been removed from the amino-acids. The stimulating action of a carbo¬ 
hydrate meal is attributed to extra carbohydrate being burnt to provide the 
energy necessary to convert some of the glucose into a glycogen store ; this 
energy is really being stored and not expended because the resulting glycogen 
has a higher chemical energy level than the glucose from which it is derived. 
If an ordinary mixed diet is taken, the metabolism is increased by 50-150 
Calories daily. 


(9) Lastiv, and most important, there is an increase in the metabolism 


with muscular work. During very violent exercise the oxygen consumption 
per minute may rise from 250 c.c. to 4 litres, or even more, i.e. the metabolism 
may increase over 16 times (p. 436). 
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Artificial Respiration.^ — The methods commonly employed in man 
-will first bo described ; their uses and comparative advantages will then be 
considered. 

Schafkr’s Method. —“ The method consists in laying the subject in the 
provr. posture, prehjrably on the ground, with a thick folded garment under¬ 
neath the chest and epigastrium.” The head is turned to one side. ‘‘ The 
operator puts himself in a position athwart or at the side of the subject, facing 
his head and kneeling upon one or both knees, and places his hands on each 
side over the lower part of the back just below the ribs.” He then slowdy 
throws t,he weight of his body forward to bear upon his own arms, and thus 
presses upon the loins of the subj(jct and indirectly on the abdominal contents ; 
the diaphragm is driven up into the chest, and air is forced out of the lungs. 
‘‘ This being effected, he gradually relaxes the pressure by bringing his own 
l)ody up again to a more enict position, but without moving tlnj hands ; as 
h(‘ does this, air is drawn, by the removal of pressure and by their elastic 
reaction, into the lungs. The process is repeated quite regularly, and wntliout 
manifest intervals between movements not less often than twelve times a 
Tuinute ; it may la*, done souKwvhat more raj>idly, but fifteen times a minute 
would in any ease be sullicieiit. By this means it is easily possible in an 
averag(». man to (‘fleet an exchange of fully 6500 c.c. per minute—an amount 
wdiich is more than enough to maintain complete aeration of the blood ” 
(Schafer).^ 

The prone position which is employed in this method prevents obstruction 
of the airway by mucus or by the falling back of the tongue. 

The great merits of 8(;haler\s method are that it requires no apparatus 
w hatever and that the t(Mdinique is easily learnt.® 

Eve's Uocki.nc; Metjiod. The patient is fixed on a stretcher ; the liead 
and fecU) are alternately tilted down to an angle of 45® ; 8 or 9 rocsking move¬ 
ments are carried out per minute. The 7 sec’onds available for each “ respira¬ 
tion ” should be divid('d into 4 seconds head down and 3 seconds feet dowm. 
In the lu^ad-down position the weight of the abdominal contents drives the. 
dia})hragm into the cdiest, producing expiration ; in the feet-down position 
the abdominal contents fall a.way from the diaphragm, promoting exj)iration. 
The method is easily carri(*d out aboard ship (using a hammock) and is not 
fatiguing ; it promotes the venous return and mechanically aids the circulation 
of the blood (p. 3S;}). 

The eflicacy of these methods of artificial res])iration has been determined 
on healthy volunteers wdio were dee])ly amesthetized and then slightly 
over ventilated to produce respiratory arrest; an endotracheal tube was 

* Killick, Co well, and Crowden, Lancel^ 1939, ii, 897. 

“ Schafer, /Vec. roy. Soc. Elin,, 1906, 25 39. 

^ It is a matter of deep regret that so few medical men have received any training in how 
to perform the necessary movements with accuracy. Boy scouts, ambulance workers, and 
members of the police force are usually much better equipped to perform artificial respira¬ 
tion than doctors ; Henderson has said that lives are not infrequently lost by physicians 
interfering with lay people who have been carrying out the emergency measures in an 
efficient manner ; “ it is easy to order a non-breathing victim of acute asphyxia into an 
ambulance, but he will be dead before he reaches hospital.” It should be an important 
part of every physiological course to practise Schafer's and the rocking methods of artificial 
respiration and by measuring the tidal air and pulmonary ventilation to demonstrate the 
efficacy of the procedures. 
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introduced to guarantee a free airway. The tidal air in two subjects 
was : 



A. 10 Stone. 

B. 13 Stone. 


c.c. 

c.c. 

Schafer’s method : 

340 

530 

Eve’s method : 



On back : 30^ roede 

240 

570 

45^ rock 

380 

()35 

On face : 30'^' rock 

340 

725 

45-" rock 

580 

850 

The two methods have also 

been com}>ared t 

“xp<*riiiientally in dogs in 


whicli respiration was abolished by det‘j) ataesthesia or section of the U])per 
cervical spinal cord ; in both groups inustdc tone, including that of the 
diaphragm, was ])ractically absent (as is the case in asphyxiated human 
subj(;ctsj.^ The volume of the tidal air was generally smaller with the Schafer 
method, the mean advantage in favour of the locking method being 50% 
and most pronounced when the loss of muscle tom* was most comf)lete. Jt 
may be concluded that though Schafer's method is aderjuate, Kve/s method 
may have advantages over it when a stretcher is availabh*. 

Mechanical IMethods.-—(1) Drinkers Method,- involves the use 
of an airtight tank into which the patient is placed, with the head outside. 
Alternative negative and positive pressures are obtained in the tank by 
means of electrically driven pumps, and the eff(‘ct is to ]>roduce movements 
of the chest wall resembling those of normal ins[)iration and expiration ; 
the negative pressure pulls on the chest wall and produces inspiration ; the 
positive tank pressure compresses the chest and produc(‘S expirat ion. Patients 
with respiratory paralysis following poliomyelitis have been kept alive for 
years in this way. 

(2) Bragg-Paul Method, —A rubber bag is wrapped round the chest wall 
of the patient; by means of a j)um]) positive pressure is apf)li<‘(l at a given 
frequency to the chest. In this method, ex])iration is the active movement (as 
in Schafer’s method) ; when the pressure is rehiased the chest passively 
enlarges and air is sucked in. 

(3) In respiratory failure in the oj)erating theatre artificial respiration 
can be given from an anrrsthelic machine, from a sim})Ie pump like the 
Qj'ford injkilor, or by blowing periodi<!ally down an ins(*rte(l endotracheal tube.-* 

Whate/ver method is used it is essential to ensure that the. airway isfrer.. 

Artificial respiration is called for in man in two types of respiratory 
failure ; 

(i) In the sudden cessation of breathing due to drowning, inhalation of 
irrespirable or poisonous gases, suicidal and accid(jntal overdoses with 
narcotics, overdosage with anesthetics or electrocution. 

(ii) In gradually progressive respiratory failure due to paralysis of 
respiratory muscles, e.y. in anterior poliomyelitis or diphtheria. 

In the chronic group there is usually ample warning of the impending 
disaster, during which time arrangements can be made to use a breathing 

^ HerainRway and Neil, Brit, med. J., 1944, i, 833. 

Bourdillon el at., ibid., 1950, ii, 539. 

® Electrical stimulation of the phrenic nerves in the neck has been carried out in 
man to produce rhythmic diaphragmatic contraction. 
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ijiacliiiH^ 111 the acute j^roiij) not a moment may he lost and the treatment 
must he. (rapiihh^ of hein*^ carried out hy the first instructed ])erson on the 
scene and require the use of no more equipment than can he readily im¬ 
provised almost anywhere. Tln^re is another fundamental differenee hetweeii 
the chronic, and acute forms of respiratory failure. In the former, niachiiie- 
breathing is instituted while the circulation is functioning normally ; if the 
m(*ehani<-al respiration is ellieicmt no eireulatory derangement develops and 
the hlood How to all the organs remains normal. In acute asphyxia, on the 
other hand, failure of the circulation and of the central nervous system 
follows rapidly in the train of respiratory arrest. The l)ody is unfortunately 
quite unadapted for (h'aling with coiiipletc or even very severe oxygen lack, 
which “ stops the machine and wTecks the machinery ” in a matter of 
minutes (p. M5). Let us consider the sequence of events in drowning, for 
(‘xample. After one minute or so of comph*te lack of oxygen consciousjiess is 
lost ; within another minute or two the respiratory centre, wdiicdi initially 
was stimulated, ceases to function. The vasomotor centrti is more, resistant 
and may maintain vasoconstriction for a little. longf*r, but soon it too fails, 
and full peripheral vasodilatation sets in, with a resulting fall of blood pressure 
to about 10 mm. TTg. Most imf>ortant of all, the heart—unlike skeletal or 
smooth muscle-- can function norriially for only a short time in the absence 
of oxyg<'n ; it has no type of anserobic metabolism to fall back on. Tin* force 
of the heart beat in severe anoxia rapidly weakens and the chambers greatly 
dilate ; the out put into the blood vessels is reduced to a trickle, and the 
blood How to the organs almost ceases. When fibrillation of the ventricles 
devehqjs the chances of rect>very are of the sl(‘nderest. Acute asphyxia 
thus presents a combination c»f respiratory, circulatory, and nervous system 
failure with which the treatment emj)loyed must cope elfectively if it is to 
succeed. 

There is com])lete. agreement as to the immediate action w'hich should be 
taken. The special conditions of the operating room were mentioned above ; 
otherwise the Schafer metlnxl should be instituted at onct* and no time lost 
while prej)arations are being made for the use of any oth(‘r method. But it 
must be remembereil that resuscitation demands more than just elTective 
pulmonary ventilation ; the oxygen introduced into the lungs must be 
transported by the circulation, esj)ecially to the brain, heart, and kidneys. 
As only a minimal circulation is present in asj)hyxiated patients, and life is 
being maintained most precariously, quite small differences in the circulatory 
state |)roduced by t-lio resuscitation t(*chnique may be of decisive imj)ortan(;(*. 
It is found experimentally that even with equal d(*gr(*es of pulmonary 
ventilation the rocking method is associated with a greater cardiac output 
and th(*refore with a better blood flow^ to the organs, and with a higher h*.vel 
of oxygen consumf)tion ; thc.so important advantage's arc largely due to 
obvious mechanical factors. In the head-down phase the venous blood drains 
out of the legs and abdomen into the heart, and the arterial blood How into 
the head is facilitat(*d. During the feet-down position venous blood drains 
out of the head, and tlie lower l)art of the body is fed with arteriaJ blood, 
though the venous outflow from that region is impeded. Some of thtjse 
advantages are. lacking in the Schafer method. A good case has been made 
out for changing over from the Schafer to the rocking method as soon as 
suitable facilities are available. 
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KECJULATION OF THE BllEATllTNO ^ 

Respiratory Centre.- -The term ntijumtonj centre is used here to (huiote 
the grey matter in the pons and upper medulla which is responsihh; lor 

antohiafic rhiitkinic respiration. The eentre so 

f delined is subdivided into an inspiralorif centre 

I and an espiraturu centre in tlje medulla and a 

V A pne.umoliuic ceni.re in the up|)er ])ons. The 

py \ lespiratory centre (j>n‘d(uiiinantly its inspiratory 

i-X '—^ centre) is rcjlerh/ ?’(‘gulat(‘(l ehielly by alVerent 

impulses tVoni stretcli ree(‘|>tors in the 

_ f l>y aflerents tnjiii 1-he c}iomorecej)tors and 

f ) / the vascular pressur<*-receptors and Iroin tlie 

/! higher levels of the brain. 1’he inspiratory 

/ (.‘(‘litre i.s extremely sensitive to changes in tlie 

/Jf chemical composition of tin* blood (‘specially its 

I fj ('Ojj tension and li" ion concentration, and to 

....VX;' p// a less extent its O 2 b‘ii>^ion. 

' XL'-i-'--'-’ iNsriKATORY ('rn’tim-:. (i) The position of 

Fid. 227.--bocalizalion of iuspiratorv centre is ma])p(‘d out by detcr- 
Jnspirutorv aiifl Kxpino mining the region of the medulla whicli (»n 

tory (Vnircs. (Pills o stimulation produees inspiration. In the cat 

'extemls fnmi just below the upper bor(l(*r of 
the medulla down to the level of tlie calamus 
with(Tn:iK.iiuiin(iiiov.-<i. tim- scnptnrius (hig. 22(). It ts scattered in the 


o/.. Amer, J. riiysioL, 
loai), i2fi, 07a.) 

l)ur^al f)!' liraiii st«ni ((•;U> 

with (■(■rrlK.-lluin rciiiov«'<l. Tin- 


jnTwT'nn 'u',’,' fnediiil J[)art of tlie niinihn fomathm, (>.sj,ecially 

faiirth vontiich'. ill its more veiitral part (Figs. 228, 229, Aj. Tiie 

To avoid ovrrljiiiiiiiiti t,lie. . i. i ’i i i- .. i 

ccntri* is siimvii oni\ oi» th< mspiiatory (‘(‘litre and its descending ])atij caiii 
tiu'{,,, rcoardcd as an aflert’iit neuroiu* heading to 

only on tlie njilir. ■ F . * • 1 , • 1 - 

Fig. 1 : 2 s is a (TDNS section at (lie sjuiial motor iicurones. As witli stimulation 01. 

other ailereiit excitatory fibres, increast'd strength 
with douhic vagotomy, pni- or freiiueiK’V of stimulation a ppliod to the ins[>ir*a- 

duci's: apm-ii.si.s. Ihcpnfiimo- ^ .,1 i .1 c- • ‘ 

taxic mitn: iiiiis Jir.s in th.- tory centre incn‘as(;s tin? dej>lli ot ins[)iration. 

(") tlie i)iieutiiolaxic. coiitrc is cut off Izy 
li.i’., brafdiiiim pout is ojii.idic a traiis-si'ctioii through th(^ lower pons, rhytlimifj 
li., brm:hhnii\'-oiuiinciivMin breathing coiitimujs so long as the vtigi are 

(T K‘ccrvicld inta(rt. If, however, the vagi are also divided, 

K.’’rv,siiiorm body (inferior tin?- iiisitiratory Centre, is said to be “ isolated.'’ 

A.T.,^acoiisU^^ inspiratory C(mtre, when isoIat(‘(l in this 

C.N.! rutu'ate nueinis. v\’a.y, Ls released from the dual inhibitory control 

ot the jmcuniotaxKi centre and the vagi (ed. 
pp. 386, 388). In the presence of an adeipiate COg and Oo tension the 
released insjtiratory (.*entn* discharges steadily without iiitiermission along 
descending patlis to the .s]>inal cord to stimulate tlie motor neuroims supjilying 

^ For general review, see HaMfino and Prio.stley, Ue»piration., new' edn., Oxford, 193r>. 
Gray, Pulmonary VentiUition and Us J*hy.uolrMjiral Itayulaflon^ Sfiringfield, III., ]9‘19. 
Pitts, Magoun, and Manson, Amer. J. Physiol., 19.33, (>73, (iS9 ; P17, (iod. 

J. Neurophysiol., 1942, 5, 7.'>, 403 ; 1943, (?, 439; Physiol. licv., 1940, 26, 609. Stella, 
./. Physiol.,'mn, OS, 10, 263 ; 05, 365. 



INSlUliATORY AND p:xriRAT()RY ( ENTRKS 


^;SVcs: 


-£,V tl 


j (y ( * • 

I \ ( • I 

\Vi . ; :;„ 

Kiu. 22S. Distrilnilioh of Inspiratory and Expiratory (^'litres, f IMtts Aftter 

./. Phi/sioL, 1<|4I, n/, HI2.) 

Scrtinn throiiyh fiicdiillu at lr\<’] Ji IJ, Kin. liiiT. 

A Inspiratory <*«‘ntn'. 

Kxpiratcny friitrc. 

(’S, Corti.'ospiaal (pyraiiii<lal) tract ; K, Medial longitudinal ras^:i^uhl^ (bundle) • l| Hvno- 
Ulossal nncl.Mis: l.t’N, laitcral cunean* nnelen>-: M\. Motor niiclnis ‘ of’vamis • 

M, Median leinnisnis : It. Hestiforin body; SVrs, Vestibular nucleus- V, Sninai 
traef (»f \. ' ' 



Fro. 22D.—Effo<4s of Stinnilution of Inspiratory and Expiratory Centres. 
(I’itts et al.^ Amer. J. Physiol,^ 1939, 726', (>73.) 

Downstrokc -- .liis])irutlou. 
rpstrokc -- Kxpiratiou. 

A. Stiinnlatiou of Jnspiratory tUnitre. 

U. Siiinulaiion of Expiratory ri-ntre. 
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PNEUMOTAXIC C ENTRE 


th(» nuis(*i(*s ol* ius})irati(>n. A })rolou^ed powerful inspiratory effort (aptieusis) 
tliiis (levelo})s (Fig. 230) which only comes to an end with the resulting aiioxia- 
])ecoines suHiciently severe* to paralyse the activity of the c<‘lls of the centr’e*. 

Eximkatouy C^entkk. —The expiratory centre caji lx* similarly mapped 
out by determining the regions of the medulla which on stimulation ])rodu(*e 
expiration (Fig. 229, B). The cells of the ex})irat.ory (*entre are intimately 
intermingled with those of the ins])iratory ccuitre. Jn tlni cat tlic^y extemd 
a little higher up in tlie medulla (Fig. 227) and lie more dorsally and more 
laterally in the reticular formation (Fig. 228). The desc<*nding fibres from 
the ex])iratory centre* stimulate tlie s])inal motor neurone's wliie*h innervate 

the muscles e)f e^xpiration. It is imposs¬ 
ible* to isolate the* exjhratory e'cntrc so 
as to pre>eliice a " relt'jise ” eif siistaineel 
ex])iratory activity ; it is the‘re‘fe>re‘ pre*- 
sume*el that the t‘xpirate)ry centre* (le>es ne>t 
discharge spejiitaneeiiisly but only whe*n it 
is a|)|)ropriately stimnlateel. 

Reciprocal liiuereation in lireathiiuj .— 
The res}>e)jiso to stimulation of the inspira¬ 
tory anil expiratfiry centre's pre)bably 
involves re*e*ipre)etal innervation, i,e. whe*n 
inspiratory spinal motor neureiues are 
stimnlateel the* ant agonist ier expiratory 
spinal moteu lu'urones are* ri?ci])rocally 
iiihibite'el and vie e versa (Fig. 235). Simni- 
tane»ous stimulation e)f the inspirateny and 
expiratory e*entres leads te> alge*braic sum¬ 
mation e)f tlie*ir indivielual effects on the* 
spinal motor ni'iirones. 

PxEUMOTAXJe’ rKxrnK. -Tliis e*eiitrc is 
situate*el in the* upper ])ons anel periodierally 
inhibits the inspiratory ee*ntj'e thus con¬ 
verting its spf>ntaneous e'ontinuous dis¬ 
charge* into a rhythmic patff*rn e)f disediarge* 
(inspiration) anel rest (e*x|>iration). 

(i) If the vagi are* intaert, cutting off the* piieiimotaxie ce*ntn^ still allows 
rhytlimic bivathiiig to eamtinue. 

(ii) Jf l)e)th vagi are* cut, a trans-sec'tiem above* the up[>e*r boreler of the* 
}>ons, which spares tlie* pneuTnotaxic ce*ntre, likewise* allows rhythmic breathing 
to continue*. 



1*10. 230. — Spemtaiu'ous l.)is<liiifgi* 
of Isolated luspiratorv (Vulre, 
(Stella, 1038, /y;i,208) 

e'at. The luain fitciii has in 

tJu* upper pons to enf olF (fi<* (inni- 
iiiotuxic erntn*. AI Om* (<•). 

liotli vaizi Win* 1)V .ippliea- 

tioii ol' cold. ,\s the it»spir;itorv 
centre is rcle;jsrd a ptiuerfiil, sjis- 
taineii insjiirution (njmeiisis) s» ts in. 

When the enhl idoek ol U>e vjijii vva.s n-- 
niovM^d, rhytlHiii<- ltr<-,'itlii]m retnnu-d. 


(iii) if both vagi are cut and the* j)iie*uinotaxic ce*utre* is roinplelelt/ cut off 
by a trans-scction through the* lower pons, the isolate'd re*spira.toiy centre* sets 
up a deep inspiratie)]) which only ce^ase^s whe*n respiratory failure*, from anoxia, 
results. Jf the |)neiimota xie centre is partiallp cut off, shorter bouts of apneusis, 
int(.*rsperse*(f with lerie'f gasps, afepear and are*, re'peatenl till the* ee.ntrc fails 
(Fig. 230). 

It is suggested that normally when the inspiratory ee*ntre disediarges 
dow'iiwards to the spinal cord, impulses also pass from it along collaterals to 
the pneurnotaxic cemtre which is stimulated to send back mhihitory imjmlses 
to the inspiratory centre ; when this inhibition reaches an adeejiiate leve*! the 




VAGAL AFFKRENTS AND HKSPIILATION 


ins[>iratory centre ceas(\s to <iis(?harfje, inspiration stoj).s anrl <*xf)iration sets 
in. Diirinji expiration the pneuinotaxic centre* is no lon^^er stiirmlated and so 
its inhibitory influ<‘nce on the ins])iratorv centre is witlidrawn ; the latt(*r 
centn^ resumes its sf)ontaneou.s discharge pnxiiicin^ the next inspiration ; 
and so tin* cych*. repeats itself. The inspiratory and pneuinotaxic centres 
form a niutuaHy reactin^^ closed circai! whicli conv<‘rts the steady discharfje 
of the insj)iratorv cenl.re into an alternating patt(‘rn of activity and rest 
(Fi^^ 235). 

Role of the Vagi. (I) Nunn*rous vagal allerent hlann*nts raniify in the 
walls of the alveoli of tin* lung ; they are tyjiieal str(‘tch rect'ptors wliicli are 
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Kkj. Va^al Action Potentials .s(‘t 

11]) iiy Artificial Strctcli of L^lnL^ 

Spinal Cat. Single fibre vagus preparation. 
The lungs are passively infiated by means 
of a pump. The movement of the white 
signal line is directly proportional to tiie 
dnuree of inflation. 

A. hiMatiori liri c.c. Maxiiiumi rr«<jUiin'\ tif 

IMTVC impulse's, so |HT .S<T. 

1C liiMation lir>('.<'. Aiiixiiiiiini irrqurnry l‘iu 
pi r s<'c. 

Itid.’itioii Maxiiiuiin fn-quciicy -.'>o 

prr Sfc. (Adrian. 



SECONDS 


Kjo. 23-. N’a^al Action PotcMitials (luring 'J'wo 
.NoT'inal R(‘S]>iratorv (-x clc-s. 

p(t(»>iilial': an- rfcordrd in a sliijrlf illai' »>I tin- 
vagus nerve in the decerebrate eat. The 
frequency of tlie impulses reacties a maximum 
of 60 per sec. at the heiglit of inspiration 
and falls to a minimum at the end of expiration. 
CAdriaii,./. Phyxiol., ll)3:i.) 


hitcd wlien tlu* lungs arc stretched during inspiration. Impulses 
(action ])otcntials) can lx* record<*.d in tlui distal end of a cut A’^agus 

fibn*. Tlie lungs are pnssirch/ injlafcd (piickly by nu'ans of a pump ; im])ulses 
arc set up which reach a peak fret|ueney wliicdi is directly relat(*d to th(^ degree 
of distimsion, i.e. the gr(*at(T the d(*gree c)f stretch of the lung, tin; higher the 
fre(|uency of the impulses set ii|> (Fig. 231). The })ulmoiiai‘y stretch receptors 
do not show adaptation, i.c. as long as the stretch is maintained the frequency 
of the discharge is kept up. With greater lung distension more A^agal re¬ 
ceptors are probably stimulated and thus more vagal aff(‘reiits come into 
action. Increased stretch of the lungs thus results in more impulses arriving 
at the insjiiratory centre in unit time. 

(2) During natural breathing vagal impulses are set up with the onset 
of inspiration, and increase in frequency to a maximum as the lungs become 
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VA(;AL AFFERENTS and RESPIRAriON 


progrt\ssively filled with air ; with the onset of c?xpiration the impulses begin 
to (lie down and disappear (Fig. 232). 

(3) Evidence will now be presented to deinojistrati^ that the vagal afferents 
(like the pneuniotaxic centre but more powerfully) convert tht^ steady dis¬ 
charge of the inspiratory centre into a rhythmic alternation of inspiration 
and expiration. 

(i) Section of the vagi in the intact animal produce's sl(»wer and d(‘eper 
breathing (Fig. 23b) : tin* elfect is smaller when on(‘ vagus only is cut 
(Pig. 233). 

(ii) If the vagi are intact, a section through the U})])er pons to cut ott the* 



TIME 0*2 SEC. 

Fig. 233. — Kffects of Section of Vagus Nerves in High Deeert'brale 
.Animal (J*iieuinotaxic Ceiitn? Intact). (Pitts, ,/. \niroj}/ii/.biol., 

1U42, 0, 4U5.) 

lijipuNrs (action poti-ntials) were recorded in almut two ol the phrenic iutvc, 

rcpn'M'iitin;? (indirectly) the disclmrjze of the iiispirutory centre. 

in each record, tlie upper traeirm- respirathin ; lower tracint: plirenic itnpulses. 

i ’ iKstrokc inspirat ion. 

I'ppcr recfjrd- vaj^l intact. 

.Middle n’cord after section of tlie h*ft va)?U'^, 

Lower record - uft«’r H»a-tion of both va«i, 

-Note that after vagotomy, inspiration Ks more i»roloii"ed and its rate is reduee«l, 

pjieumotaxic centre leaves rhythmic breathing intact; if one vagus is then 
cut, breathing becomes somewhat slower and dee])er ; if botli vagi an* cut., 
the inspiratory centre is isolated, rhythmic breathing ceases and apneusis 
sets in. 

(iii) The discharge of the isolated inspiratory centre (am lx* (K)nv(*niently 
studied by recording action potentials in a single fibn* of the phrenic nerve ; 
the impulses follow one another steadily at a liigh frecjuency. If the central 
end of one vagus is stimulated there is after a latent ])eriod a decreas(i and 
finally an arrest of the inspiratory di.scliarge ; on cessation of stimulation 
there is an inhibitory after-discharge, i,e, the inhibition of the inspiratory 
centre outlasts for some time the end of vagal stimulation, and then the 
discharge of the centre is resumed (Fig. 234). 

The interpretation of these results is as follows : the isolated inspiratory 
(•(‘litre is in a high state of central excitutiou and is vigorously generating 










\ ACiAL AFFKHKNTS AND 11KS1>IHATIOX liHi) 

and (li.s(:||{ir^ 4 iiijj: imfiulsos. Tin* afTorent vu^al impulses are iiiiiibitory to this 
anti jmaluoe in it tlie characteristic- chan^M\s of reflex inhibition 
(p. 542). The latent jx'riotl is due to the time taken for the. impulses to n^ach 
tile e-(*ntre and for the central inliibition to increase sufiiciently to overcome 
the (‘xistiiifT stati* of central (*xcitation ; as more ini|)uls(^s arrive alonjj; the 
vaults, iidnbitory recruitiiHMit occurs : imire of the cells of the inspiratory 
centre conn* under tin* infhnmce of the central inhibitory state until finally 
all activity is ♦extinguished. On cessation of stimulation alTereiit vajial 
impuls(*s continue to trav(‘l in complicatol relay patlis to reach t h(‘ inspiratory 


A 




8M 






TIME 0-2 SEC. 


tio. 2.‘M. Intiilatioii of Iselatc-d Tn.‘<piratorv (Vntn* hy Stimulation of 
Central Knd of X'aj^us Nerve. (Pitts,,/. \(>urophysiol., It»42, 407.) 

Thr piW'Uiuotaxir crntn’ has lM*«‘n fut <ifl’ hy a trans*se<*1.1oii tliroii^'h Om- U>\u'r pon'i, 
Itdlh vaui cut. Inspiratory <»‘iitre isolated. 

In eaeli re«-or<l, upper trai-inj' shows respiration (up.stroke inspiratitui), lower traeiim 
slmws a»’tion potentials in a few piirenie lihres (rcpri'sentiiiij diseliarm' of inspiratory 
rent re.) 

rpper reeoni (.\) : sustaiiii'il di.sehar;'e of isolated inspiratory centre (apneiisis). 

Mi(idle record (It): lletween arrow.s stiiniilute central end of vann.s. .Vfter a latent 
jieriod the inspiratory centre is arrested and expirathm occurs. Note thi^ lonjr 
iuhihitory after-diseharKc. 

Lower record (<’) : Kepeated stiniulatioii of central vauus (hetweeii arrows) cuts ^hort 
iM.s])irati«in and produ«*es expiration. 


ccmtre and to maintain for some time the induced statt'. of inhibition (inhibitory 
after-discharge). As the reverlxu'ation in the relay paths subsides, tin* 
insjhrntory centre, freed from inliibition, resumes its discharjije. 

(iv) These re.sults explain how tlie vagi function in the intact animal. 
During inspiration, the lungs are progressively stretched and more, impulses 
pass up tlic‘ vagi, until by inliibitorv recruitment the discharge, of the inspira¬ 
tory centre is arrested and expiration sets in. The impulses passing up the 
vagi then die down and cease, but inhibitory after-discharge maintains the 
quiescence of the inspiratory centre producing a pause between the end of 
expiration and the next insjhration. 

(v) The (Jeep rapid bnrathing of muscular exercise or of COo excess can 
be explained as follows. As the inspiratory centre is being stimulated 
(lirectly and reflexly it is in a high state of excitation and discharges vigorously 
to the spinal motor neurones producing a powerful inspiration. The afferent 










390 


RHYTHMIC RREATHTNC; 


vagal iTn|»iils(\s ha.v(‘ to coniix'te against this higher levol of concentration ; 
more aiTerent impulses than normally must arrive in unit time to produce 
this inhibition ; iuspiiation thus proceeds longer, i.e. the inspiration is deejjer, 
until with greattu’ stretch of the lungs the alferent vagal backlash inhibits 


PnX. 



Kl(j. 235.- Diafir.Mfii of Hesjiiratory (Vntres. 

l*n. C«‘ntrt*. 

I. <■., lns|iiriH(»ry Cciitr<>. 

'I’hf = siirn in fhc ci ll tiiat tin- disrhatVf^ siioiilaiiroiisly. 

1C. C.. Kxpiratory Cfiitri'. 

Insp. Miisrlr. Inspiratory mn.'.rl«-. 

.Mnsrlr, ICxpiratory iiiusrlr. 

Vanns. Vairal atIV n nts Iroin lnn«;>. 

Tli(* jntrrriJiit«'tl liin-s iinliratr thr rrciproral iiiiKMvation whirl) prohahly 
fakrs plarr. 

Thus ; Pni'Jiiriotaxir t^mtrr infiihits Inspiratory Criilrr and nia>' stitniilat*' 

Expiratory <'(■ntrr. 

Iiispliatory ('riitir stiiiinlat«‘s spinal Inspirjitory motor iirnronrr> and 
Inhihits •■xpira.tory spinal motor inmronrs. 

Kxi»1ratory Ctntrr stinmiatrs )-xpirat.ory sjdnal motor iniinmcs and 
iniiihits in-'jiiratory spinal motor m'lironrs. 

the in.sf)iratory ctmtre. The inhibitf»ry after-discharge likewise has to com¬ 
pete against a highly excited inspiratory centre ; central excitation soon 
attains the upper hand and after a shorter interval the next inspiration 
starts. Breatliing is thus both dtx^jter and quicker. Expiration involves 
strong contraction of the expiratory muscles owing to powerful stimulation 
of the expiratory ccmtre. 

Rhythmic Bke.athixg (Fig. 235). -From what has been said above it is 
clear that the “ inherent ” steady discharge of the ins])iratory centre is 



MK( HANISM OF HRKATIMX(; tiUl 

converted into a rhythmic action by two automatically operating inhibitory 
niechanisnis (*ach of wliich is indirectly set ijito operation by the inspiratory 
centre its<*lf : 

(i) via the pneiiinotaxic centre (p. 386). 

(ii) via a discharge* to the i?is[)iratorv muscles, leading to inflation of the 
lungs, stimulation of the pulmonary stretch n*ce])tors and tin* setting up of 
afl'ert'iit inhibitory inij)uls(?s in the vagi (p. 387). 



Kicj. KfV(f(‘ts of Injiirv to Central l?e.s])iralor\ 

Ah'ebauisnis. 

Urrunl ol lU spirarury Movi-iiimts. Inspirarioii -1 pstrokf. 

II, Nonnsil ; h. Slow, ilrrp Im-;! 

r. Tr5»ns-.s«‘<-(l(Mi tliroiiiili \ is in vaKotoiiiizi'd anininl, piirtiallff 
(Mittiim <»H' inn'iiniutaxlr nlr<-. .ApiU'iisMc Intrr- 

s|KT.snl with ^Msps : f/, Tr;;n‘'>srrtjon Uirmi^Oi iippiT inrijiilla. 
(iaspinj; ljn-atliin«. (laiinsdai. ./. rt7). 


Effects of iNMincv lo KEseJUATtmY Centres. When tin* respiratory 
centre is dejiressed by s(‘ver(* as[)hyxia. or anoxia, over-dosagt; with anujsthetics 
or inednllary aiuvmia,, normal lu-eatliing is re])laced sue.c.essively by apneuses 
and gasps and finally stops altogether (cf. Fig. 236, c, d). Conversely, if 
recovery is brought about by artificial respiration or other suitable methods, 
restoration of breathing occurs in tin* reverse* or(h*r. A])neustic breathing 
may occur in infants following birth injuries ; in such cases lueinorrhages 
have been demonstrated post-mortem in the pons. 

Mechanism of Breathing.- -The ])atteni of the nervous discharge from 
the normally controlled inspiratory centre can be conveniently studied by 
recording action potemtials in single motor units of the respiratory muscles 
(p. 503) or in single, fibres of the nerves supplying them (Fig. 237). The muscles 












































802 (OXTROL OF RKSIMRATORY .ArUSCI.KS 

involved in quiet inspiration an*, the (liaphragm and tlu*. external intercostals ; 
tlie chest is enlarged from above downwards, and in its transverse and 
aiitero-posterior diameters ; air conse(piently enters the lungs. At the 
same time tin* glottis widens and the bronchioles dilate. Quiet exj)irati()U is 



Kn;. 2.‘n.—Impulses in ;i Sinjrle Motor Nerve Fibre to an External Intereostal (Inspiratorv) 
Mnsele. (Cronk and Ferguson, Amvr. ./. IttSo, 110.) 

KifCdnls froTi) abovd dowinvjjrds iiro : (i> iuTvr itnpal.'^rs (nrtioii juitontials) : (ii) tiiiir innrktT. (>•- >«‘«*nii(ls: 
(iii) rrspirntion: iipwanl niovniwiit inspirntiim. 

mainly passive, t.r, it is l>rought about pritici|)aliy by r(daxation of the 
inspiratory musel(*s (with a consequent decreast* in the siz(* of tin* thoracic 
cavity) and is aided by the elasticity of the lungs : but, exce|)t iin(l(‘r deep 
aniesthesia, there is also some nefire contraction of tin* expiratory internal 
intercostal musch‘s. The glottis narrows and tbe bronclnob's diminish in 
calibre. In v<*rv (l(*(*p breathing accessory inusch‘s c<>me into cqieration ; in 
inspiration the s(‘rratus magnus and posterior p(*ctorals. scalenus, trap(‘zius, 
rhomboids (and ala* nasi) ; in expiration the anterior abdominal wall con¬ 
tracts and drives the diaphragm high up into the chest. When active expiration 



Fio. 238.—Motor Impulses in a Nerve Twig to an External Intercostal Muscle in Three 
Siircessive Inspirations of varying Depth. (Bronk and Ferguson, Amer. J. Physiol.^ 
1935, 110.) 

A, Moderate ; B. Deep ; C. ShaUow. Renonle as in FIk. 237. 

Note during the deep breath (I?) that the impulses are of greater frequency and the discharge is of longer dura¬ 
tion. It also becomes irregular towards the end, indicating ttiat additional nerve flbres are coming 
into action. 


occurs it is likely that the pneiimotaxic centn* (and vu-gal ancients) arc 
reciprocally stiimihiting the <*xpiratory ciuitrc whilc> inhibiting tin*, inspiratory 
centre (Fig. 235). 

Electrical studi(*s show tliat during (piict inspiration the diaphragm (or 
external intercostal) is stimulated at low rates of al>i)ut 25 per second, /.c. 
subtetanically (Figs. 237, 23S, A). Owing to the asynchronous character of 
the discharge of the spinal motor neuron(*s, th(* various motor units contract 
out of ])]uise ; the tr(*niuloiis n*.sponse of <*ach motor unit is thus converted 
into a steady pull of moderate tension of the whole muscle (y). 502) ; proliably 
only a pro])ortion of tlie muscle fibres are in action. As breathing increases 
in d(*pth tile motor neurom* discharge rate becomes more rapid (up to 100 
per second), more synchronized and of longer duration ; in addition moni 
motor m*urones disidiargc (i.c. recruitment occurs) and more motor units 
contract (Fig. 238, H). Tin* tension of each motor unit is consequently gr(*ater. 
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more muscle filircs are in action and a more extensive ch(‘st mov(nn(*nt 
results. 'Oie exyiiratory muscles are treated in a similar manner. 

\Vli(‘ii tin* iiis|)iratory centre is depn‘ssed its discharge hecomes oi* lower 
frequency, of shorter duration (Fi^. (■) and involving:; h'wer motor units ; 

ins])iration becomes [irojirn'ssively feebler and finally ceases. 

Regulation of the Breathing. —Respiration is adjusted to serve a 
nundier of “ purpose's ‘’in the. body. 

(I) 7V> svpjAfi nsfffjvit (litd ffei rid of f'O., formed in the body. Both tin* 
oxy^jeii r(‘(piirt‘m(*nts and the amount of (JOo libr*ra.ted are pro})ortional to 


H.C 



R.C.=* l{.««piru1ory rentre ; Higher centres; C.C. —Cardiac centre; V,M.C.=Vasomotor centre; 

O.S.«=Carotld sinus retilon (inctndin^ carotid body); Sin.N. Sinus nerve; Ao.N.-^Aortic nerve 
(aortic arch includes the aortic body); + == StimuIatcB breathing ; — -^Depresses breathing, 

the degree of aetivity of the body. AH other things being equal, then, the 
'pulmovari/ venlilatiov is direct/ 1 / proportiofial to the metaholic rate. The link 
between metabolism and breathing is probaldy the variation in the COo 
tension in the blood. It should be emphasized that a level of ventilation 
sufficient to eliminate (’O 2 in approjuiate amounts {at sea level, and when 
breathing air of nortnal composition) is more than adetpiate to meet the 
oxygen requirements (except undtT conditions of extreme exertion).^ 

(2) To help to regulate the ion concentration of the blood. The breathing 
responds in an extremely sensitive manner to the slightest change in the 
H+ ion concentration of tlie blood and in a way that tends to restore the 

^ “ Over the oxygon supplies of the body COg spreads its protecting wings ” 
(Micscher). 

13 * 
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reaction to its noriual levt4. The puhtiotniri/ rnttilution fhufi raries with the 
reaction of the blood. 

(3) To niaintaiii the appropriate orf/ffcn tension of the blood in (rertairi 
conditions of anoxia. 

(I) To li(‘lp to maintain the normal liody tem/jcratare. 

The main faa'tors to be considered \\\ our aiialysis are : (cf. Fi". 2.‘5‘J) ; 

(1) CO., excess and lack. 

(2) (dianirt'S in IJ ’ ion concentration of blood. 

(3) (>2 lack. 

(4) Rise of blootl temperature. 

(b) Rifects of clianiics in arterial blood pressure and c(‘rebral blood 
flow. 

(0) Voluntary and other reflex variations in breathing. 

COg and Breathing.—Fresh air contains negligibh' amounts of OOo 
(0*03%). When th(‘ inspired air contains (‘.xcess COg breathing increases 
first in dej)th and later in frequency, the former being quantitatively the 
more important. The pulmonary ventilation increases strikingly as shown 
in the Table below (from Haldane and Priestley). The venous blood as it 
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flows through the lungs normally yields up a certain amount of COg which 
passes into the alv(*oli whence it is eliminated by the fresh air breathed. 
If the inspired air contains much COg, it cannot eliminate COg so well from 
the alveoli unle.ss the pulmonary ventilation is changed. The alveolar COo 
therefore rises slightly. As the arterial blood leav(\s the lungs in equilibrium 
with alveolar air, the arterial COg tension also rises. Breathing is conse¬ 
quently stimulated, ami so comf)ensates for the inspired air being “ con¬ 
taminated ” with COg. The alveolar COo is thus reduced practically to its 
normal level. Alveolar COg never falls quite to normal, for should it do so. 
the stimulus to (ixccssive breathing would cease and COg would reaccurnulate. 
In other words pulmonary ventilation is stimulated for as long as the COg- 
rich mixtun* is inhaled, thus keeping alveolar and arterial COg tensions 
almost normal. 

This compensatory mechanism has its limits, however. As the inspired 
COg content approaches the level found in alveolar air it becomes increasingly 
difficult to eliminate COg as rapidly as it is formed and (e.g, with inspired 
COg of 5*14% the alveolar COg rises (e.g. from 5-5 to 6*2%)). Obviously 
when the inspired C 02 % exceeds that in the alveolar air full compensation 
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is impossible and the alveolar COg rises markedly {e,g, to 6*6% when the 
inspired COg is 6*02%) in spite of tremendous oververitilation. There is 
some mental confusion and depressed sensory acuity, th(i heart quickens and 
the blood pressure rises. (For elfects on circulation cf. pp. 274, 309). When 
fresh air is breathed again, respiration soon tends to decrease towards 
normal, but some of the other symptoms may become temporarily aggravated 
(es|)eeially tin* h(*a.dae]i(*) and in severe cases vomiting may occur. When 
the CT)j, concentration iji the blood is very high, grave toxic effects appear, 
consisting of cardiac slowing, loss of consciousness, and tluui d(*])ression and 
finally c(»ssation of br(‘athing. 



Ki(i. 240. Kffrot of (U)., Kxross on Isolated H(*spiratory Centre. (Stella, 
.7. Physiol,, imn, U:}, 207.) 

Cut. 'rraiis-sc*<‘(i(»ri nir(iu;;)i Ui*- upp^r poii*^ fo ciir off tin* pm'iiiiiotiixu' (MMitrr. TIh' 
iiispimtory •■cutrc is tnnpomrily isolattul f»y On* v;mi. TIjc h»*lKht of thr 

rrsultin«. sustniiifil inspirMtion (jiptu-iisis) is a inrasiin* of tin- (lischar}^«! of tin- 
inspiratory <‘<‘ntr<' ami, tlicn-fon*. of its (ii‘«rfr of ex«’itation. 

Control, lu-faUiinu air. At lilot-k vajji. liriszht of apiu-usis («). Itrtwron arrows 

iniiali^ S“„ CO 2 in air. Notr .stimulation of hrratliiin:, .\t C, ])lock v.mi (InoliKiin;/ 
ailiTJ-nts from tin- aortic hoilics). Nt>tc that tin* rcsultiim apncusis (0) Is greater 
than in {a). As the effect (jf CO^ cxcc.ss wears off. the iH'iiilh of the afinciisis 
rcsultiiiK from vai^al block (C), i.c. (c), (<f), (r), becomes pro^rrcssivcly smaller. 


Mode of Achuon of COg.—This is (*oiuplex in character. CO, acts 
mainly direct]tj on the inspiratory centre and jiarlly reflexlg by stimulating 
chemoreceptors in the carotid and aortic bodies (p. 738), thus sending 
excitatory impuls(»s to the centre. 

(i) Direct Action. -Tn an animal with a low j)ontine trans-section (to cut 
off the pneuinotaxic centre), the two vagi an^ blocked by means of cold ; 
the released, isolated, inspiratory centre sets up an a]>ii(*usis and its lieight is 
noted (Fig. 240 (a)). The vagi are warmed and rhythinic breathing returns. 
The animal is given a COg-rich mixture to breathe and during the response 
the vagi are blocked again ; the resulting apncusis is far bigger than in the 
control experiment (Fig. 240 (h )); this observation f)roves that COg stimulates 
the inspiratory centre. After denervation of the carotid and aortic bodies, 
COg still stimulates the isolated inspiratory centre (though to a smaller extent), 
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proving that its action is in part a direct one. Conversely, if the vagal block 
is carried out after a bout of overventilation to elirniTiate tbe resulting 
apneusis devtdops v(;rv gradually and is feeble (Fig. 241). As results, quali¬ 
tatively similar through quantitatively smaller, are obtained after dcuiervating 
the carotid and aortic bodies, COo la«k de})resses the insjiiratory centre in 
part, by a. direct action. 



Fio. 24J.—of COg lack oii iHolaied Insjaralory (Vntre. 
(Stollu, .7. Phytfiot.^ 191^9, 2()y.) 

(Jat. 'I'niiis-sfction thnnigh tlir upprr pons to rut off the |inf‘iini«.itHXi(‘ contrr. 
Isolair till' insjliratory t.«*iii|H»rarily liy lilurkiiiU tin* vuKi : tin* 

hi'ivlit (if tin* result iii^, siihtuincil inspiration (apiu-iisis) is a nn-iisiin* of tin* 
ilisrliarur (»f tin* inspiratfiry rniitn* and, tln*n*forj*, ot its drnn't* of 
(‘.Ncitation. 

A. Control: iptiit bn*atluntf. At arrow, hlork vajii. rato of (l«*vi!loj>rin*nt 

and hri^lit ofaimnusis. 

li. Artilii'ial n*spir:iti(ni t A.lt.) has Imm'U carrM’d out ft) itniiicc ('O 2 lack. When it 
was stopped, apinra set iii. 

J)uriin! the aiiiuca, at tin* arrow, block tlii! vat'i (iin'liidiii}' aff'erents from the 
aortic, bodies). Note tin- lon)j latent pcritnl before tin* apneusis be(;ins to 
develop. 


(ii) Reflex Action. The reflex efforts of via the ehemoreceptors are 
discussed on p. 745. 

H • ion Concentration and Breathing. —Breathing is very sensitive to 
changes in ID ion conctuitration of the blood ; tia* jjulmonary ventilation 
changes in a manner that tends to restore the blood reaction to its normal 
value. As was pointed out above (p. 393), one of the main functions 
of breathing is to help to maintain the blood reaction within proper 
limits. 

Response to Acud.emia. -When the ion concentration of the blood 
tends to rise, the pulmonary ventilation is increased, more fresh air is taken 
into the lungs, more COg is eliminated, and the level of the alveolar COg falls 
below normal. As the alveolar COg tension regulates the amount of HgCOg 
in the arterial blood, a fall of alveolar COg results in a lowered arterial COg 







EFFEC TS OF AC ID/EMIA AND ALKAL.EMIA 
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and HgCOj content. The niiriK^rator in the expression HgOO.j/BHCC)., which 
determines the H+ ion concentration (cH) of the jdasina is decreas(‘d ami 
thus the blood reaction tends to return to normal (p. 92).^ TIk^ tendency to 
acidaunia whicli initiated these changes is thus cornbatc^d (cf. Fig. 57 ). 

Such a response occurs in the following conditions: 

(i) During the secretion of the alkaline digestivt; juices (f)ancreatic juice, 
bile, and sm^c-us entericus) as sodium bicarbonate is excretcKl h'aviiig a relative 
exc<*ss of H ^ ions in the l)lood. 

(ii) A meat diet gives rise to ex(‘ess of acid radicals, es]>ecially H^PO^ 
and H 2 SO 4 deriv(‘d from the oxidation of the P and S of the protein inolecule, 
and therefore tends to cause an acidaania (cf. p. 



Fia. 242.—Changes in Alveolar CO, Tension with Meals. 

Urdlnato— Alveolar CO, tension in mm. Hg. A —Normal subject; Healthy subject with complete 
achylia gastrica; C—Case with marked hypersecretion of gastric juice. (Dodds and Bennett. 
J. Phytiol.^ 1921.) 

(iii) If ammonium chloride is ingested, the Nib, portion is split off; it 
is conibimMl with carbonic acid and converted into ur(*a. 

urea 

ID' ions are liberated this tends to produce acidaunia (cf. f). 98). 

(iv) In diabetes mellitus and starvation, /i-hydroxyl)utyric and aceto- 
acetic acid accumulate in tlie bloo<l (p. 921). 

In all these cases of tendency to acidiemia, increased breathing occurs 
with resulting lowering of the alveolar and arterial COg tension. 

Response to Alkal;emia. —When the ID ion concentration of the blood 
tends to fall, the pulmonary ventilation is diminished, COg is retained, tlie 
alveolar CXIg consequently rises, the arterial COg and HgCO^ rise, the ions 
in the bloo(l are increased and the normal blood reaction is restored. Tlie 
increase in HoCOg in th(‘ cxjiression HgOOg/BHCO., com|)ensates for the 

BHCX)!, 

’ 7/TI ^ ( i(>g,„cH) - r»*i-1 log — ■ 
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initiiil in(Tt*H.s(* in (of. Fifj. 57). These jieneral principles are well 

illustrated hy the Tollowin^ exarnjdes ; 

(i) During gastric secretion HCM is eliminated from the blood, with a 
consequent tendency to alkalaemia. 

(ii) The same effect is produced by the ingestion by mouth of NallCOg, 
which is absorbed as such into the blood stream. 

(iii) A vegetable diet contains a relative excess of basic radicals, and so 
tends to increase the alkalinity of the blood. 

In all three conditions the pulmonary ventilation is diminished and the 
alveolar COg rises. As a result, the arterial tension, the H 2 CO 3 content 
and the concentration of ID ions in the blood all rise, thus coinpcmsating for 
the initial alkalsemic tendency. 

Fig. 242 shows the compensatory changes in the alveolar air (and th<‘re- 
fore in the arterial blood) occiinhig with meals. The initial rise of alv(‘olar 
(X )2 runs parallel with tin' amount of gastric acid secreted. In achlorhydria - 
in which condition no gastric H(1 is formed no initial change is ol)serve<l 
in the alveolar .air. During the phas(‘ of alkaline secretion (v.c. of j)ancreatic 
juice and bile) the alveolar DOo falls. The.se chaiig(‘s ar(' best seen after tlie 
iirst meal of the day ; after later meals the eftW'ts an* not W(*ll marked, 
because? the response to on<* meal blurs the reactions to tht‘ succ{*eding om*. 

Mode of Action ok ion Oiianoes.. As in the ease* of COg, clianges 

in the ion concentration affect breathing in two ways : (i) by stimulating 
the respiratory centre directly ; (ii) reH(*xIy. by acting on the <• hemorec(']dors 
in the carotid and aortic bodies (p. 745). 

Effects of Oxygen Lack on Breathing. —The effects of oxygen lack 
are complex and depend in part on the degree of acuteness and severity of 
the deprivation. 

( 1 ) If an ifieri gas like nitrogen is breathed, the COg is eliminated quite 
normally from the alveoli, but the oxygen present there is washed out as well. 
Not only does the venous blood reaching the lungs soon cease to gain any 
oxygen, but when the oxygen content of the alveoli falls sufficiently, the 
venous blood gives up its oxggen and the arterial blood leaves i;oinph?tely 
reduced. Some initial hyperpnoea occurs as a rule, but within 45 seconds 
loss of consciousness develops suddenly, and practically without any warning, 
from oxygen lack to the brain. There are no reserve stores of oxygen in 
the tissues (unlike OOg) ; the only oxygen present there is the minute 
amount which is present in solution. Soon after, breathing decreases and 
ceases from failure of the respiratory centre. 

(2) If the oxygen lack is less severe, the effects produced depend on how 
rapidly it is induced. 

If the subje(?t breatlu's in and out of a large bag through a soda-lime 
tow^er (to absorb COg) the CX )2 evolved is r<?mov<Ml and do(?s not ther(?fore 
accumulate in the bag, but the oxygen content gradually diminishes. The 
breathing is unaffected till the oxygen in the bag is reduc('d by about one- 
third, i.c, from 21 % to 14%. In sensitive subjects a considerable increase 
in the breathing may now occur; but often the increase is slight. It con¬ 
trasts very strikingly with the early intense hyperpnoea which results from 
even a small rise of COg in the inspired air. The effects on respiration and 
circulation in a typical experiment are set out graphically in Fig. 243. TIk' 
changes in the alveolar air are shown in the Table on f). 4 ()(). 
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Fig. 243.—Circulatory and llespiratory Responses to TVo^rossivc Anoxia in Man- 
After a control period the subject rebrcMtlied from a bap conlfiininp air, tliroupb soda lime to absorb CO,; 
the exp<Tinient was termiiuiteii when the siibjeet faiiitod. The iK reentnpe saturation ol the arterial 
blood W’ith oxyp<*n fell from to <»r>; the puhnonary veiitilaliou pradiially increased from 4 to in 
litres x>cr minute ; the circajlation tiim- initially fell from 24 lt» 17 seconds (suppe.stinp increased cardiac 
output); tlu? pulse rak' rose from do t«) l:{n jicr minute. In the blood i»resHurc reeonl, npf»er line 
syskdie, lower line diastolic,, sbndetl area ^ pulse pressure. The. blood pressures remained iinebauped 
for the first 20 minutes of anoxia. Just bi*fore eonseiousness was lost, systolic ami diastolic blood 
preasure fell atiriiptly, tlie venous pressure rose, and the eireulatifm time was lenptheued, iruiicating 
acute heart failure. On breathing air norinal eoiiditioiis were restored. The ba!matoerlt value was 
unchanged throughout; there was no change in red cidl coueentratioii and no evidence of discharge 
of stored red corpuscles. (Redrawn from Kr.shler ef al., Amrr. J. PhyaUil., 1943, rjOi).) 
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OXYGEN LACK AND DREATHIN(i 


Inspired Air | Alvt‘olar Air i Alveolar Air . Piilmonarv 

0**^0 i (> 2 % I I Ventiiati(^. 


Normally the alveolar O 2 percentage (14%, 100 mni. llg pressure) is 
about 7% less than the atmospheric O 2 percentage (21%, 150 mni. Hg. 
pressure). The eflect of the increased breathing is to make better use of 
such oxyg(m as is available in tlu‘ inspired air : the dinerenee Ixdween the Ou 
concentration in the atmosphere and tin* alveohir air is l(‘ss than normal. 
The blood is therefore better oxvgiuiated than it would liave been in the 
absence of the compensatory hyptupnoia. At the snnir time elimination 
is increased ; as there is no corresponding incr(‘ase in production the 
alveolar COg tension falls. The associat(‘d fall in arterial (’(Ig tiuision depr(‘sses 
the central respiratory mechanism and so prevents tin? anoxia from exerting 
its full stimulating action on breathing. For th(‘se reasons also then‘ is a 
tendency, too, for breathing to wax ajid \vaiu‘, /.c. be i?i character. 

The efl’ects may l)e .suminariz(?d thus : 

Oxygen lack—stimulates breathing—increases i)ulmonary ventilation— 
lowers alveolar COg—lowers arterial OOg—alkalaunia—d(;f)resses breathing. 

It is thus difficult to establish adequate compensation, as the stimulus of 
oxygen lack to breathing constantly tends to be (;ounteracte(l. Cyanosis 
develops when the oxygen content of the insi)ired air falls to 1 ()'!(, ; there is 
then marked mental incapacity. Consciousness is lost a little later, from 
oxygen dcpriv'ation of the higher centres. 

(3) The results are different when oxygen lack is of very gradual onset 
and ample time is available for all the compensatory activities of the body 
to be brought into play. This is well seen on ascending gradually to high 
altitudes. Fig. 244 shows the relationship betw^een altitude and barometric 
pressure. The percentage composition of the atmosphere is unaffcAdxul by 
altitude, but the oxygen pressure in the inspired air is jcmIucmhI proportionately 
to the decrease in total atmospheric pressure. 

Symptoms s(it in when a h<*ight of about 11,500 feet is nviched whicli 
corresponds to a barometric jiressure of about 500 rnm. Ilg, i.c. two-thirds 
of the normal level. Witli rapidly developing aiioxia the chief stumbling- 
block in the way of an effective respiratory res])onse is the (*xcessive washing- 
out of CO 2 from tlie blood, which tends to depress breatlnng. It is fouml, 
however, that after staying for some time in rarified atinosi)heres a process 
of develojjs and ))ersistent hyperpmoa is maintained, in spite 

of the lowered alveolar (and arterial) Cfig tension. Thus in ac(dimatized 
subjects on Pike’s Peak in Colorado the pulmonary ventilation had increased 
from 10-4 to 14*9 litres per minute, and the alveolar COg tensif)n was 27 mm. 
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Hg instead of the normal 40 mm. Hg. Warren, during the J938 Everest^ 
expedition, found that at 22,000 feet (barometer = 340 mm.) the alveolar 
COg tension was 17 mm. ; (the alveolar oxygen tension was 40 mra. !). The 
breathing at these great heights was very rapid, about 55 to the minute, and 
very deep. At 28,000 feet, Somervell found that for every single step 
forward and u})ward 7 lO complete r(\spirations were required. Values 
for the ])ulr,uonHry ventilation are not given, but it must have been very 
great. Breathing quickly and deeply was very easy at high altitudes 
owing to the low density of the air. 



Fio, 244.—Curves showing Relationship of Barometric Pressure to Altitude. (Haldane 
and Priestley, Respiration^ 1935.) 

'J'he upper curve is calculated from the furumla of Zuntz and others, assuming a mean temperature of 
16” C. The lower curve is calculated accordiug to the internationally adopted system of altimeter 
graduation. 

To enable such an enornious veutilation to eontiuue in spite of the low 
arterial COg tension, it i.s obvious that the alkahemia must be compensated 
for in some way. This is done by the kidney, which excretes a less acid urine 
and less ammonium salt; the urine may even become alkaline. The kidney 
thus eliminates the excess of base, keeps the blood reaction fairly constant, 
and permits oxygen lack to continue to stimulate ventilation (cf. p. 98).^ 

The sequence of events may be thus summarized : O 2 lack—increases 
pulmonary ventilation alkalaunia—com])ensated for by the kidney . 

As a rule in acute experiments tlie increase in breathing due to oxygen 

‘ Hut according to Mr. Chiu, in 1717 the mountain was first given the Chinese name 
of (’hu-mu-lang'ma (Peak of Sacrcil Motlier's S])ring). 

* For other effects of oxygen lack, see pp. 442 et 
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MODE OF ACTION OF OXYCiEN LA( K 



Fig. 2 45 .- Kffects of Oxygen Lack on 
Itespiralion. (Selladurai and Wright, 
Quart. J. cjrp. Physiol., 1932 .) 

Cat. l)(‘«'i.Ti-liratr. Sjuusi-.*; ih'iK’rvatcil and va^i 
nit. Tinu- in ."i r. lii>|tiratton up'^troki-. 

Irihnlation Ml' 1 ii; niixtnrv at arrow. Itapid 
onst't of n-.'^piratory lailiin-. Air uivi-n at 
srcoinl arrow. iJrratliin^ madnally rcrovn-''. 


lack is cliiofly in raio and not in 
depth, thus contrasting Avith the en’eets 
of COg e.\(Jess. 

Modk of Action of Oxvofn 
Lack.-' Moderate oxygen lack stinm- 
lates bnnitJiing in the intact animal. 
But if the .nuns nerves and vatil are 
severed, inhalation of tlie same oxygtm- 
poor mixture usually produces a rapitlly 
th'veloping /farah/sis of resin'ra/fon 
(Fig. 2-45). Oxygen lack thus dlrecfly 
depresses the “ dettfferented respiratory 
centre; suitahly performed jx'rfusion 
experiments show that anoxia acts on 
the sino-aortic chemoreceptors, setting 
up excitatory impulses which reJlr.rJy 
stimulate hreathing (cf. f). 71 o). .As a 
rule, in tin* intact animal the ndlex 


stimulation prevails and increased ventilation results. It was ex|dained on 
p. dtWihow this hyperpmea hy washing out ("Onsets up fiirtluT complications. 

Tile action of anoxia on tin' inspiratory centri' can 1)(‘ demonstrat(*d in 
the same way as described for (Xlo (p. 395). Tlie })ons is Irans-secied to cut. 
oil the pneuimd.axic centre : when th<‘ vagi are temporarily cold-l)h)ck(‘d, the 
inspiratory ceiitre is ‘‘ i.solat<*d : it di.scliarges sL^adilv aial a cont rol apneusis 



Cttt. Tr.ms-.sfiction thnnmh tin? upper pons to rut off llu- pm iiiiiotii.vii; iriitri'. On 
blockiiiu tlift vsiKi (f), tlu; inspiratory renin' is releasi tl. ’I’he height of tlie resnltiiiir 
inspiration (apneusis) is .a measure of the aetivlty of tlie inspiratory ceiitn'. 

A. Control, iirouthiiiK air ; block vasi : note lieiKlit «)f apneusis. 

B. At arrow, inliali; O2. BreatbinK is relle.xly .sti in 11 la ted ; bloi-k va^ri (e) ■ imfr 

more powerful ajuieiisis than in A. 

C. Denervate carotid slmisis. Inhale Q% O2. Brcathintj; is dcfiresscd. Bloek vasi 

(including alferent.s from aortic bodies) (c) : note very feeble apneii.sls, Oxvkimi 
lack directly dciircsses the inspiratory centre. 
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is reeonl(Hl (Fi^. 240, A). 1’h(‘ vagi are warmed again, thus allowing rhythmic 
breathing to return. Tlie animal is given an Og-poor mixture to breathe and 
at the height of the. response the vagi are again cold-blocked ; a more powerful 
apneusis se'.ts in, showing that anoxia stimulates the inspiratory centre (Fig. 
210, 11). The stimulation might be a direct or a reflex one. The experiment 
is repeated aft(‘r cutting the sino-aortie nerves coming from the chernorece])- 
tors ; when the vagi an* blocked again during a ptiriod of anoxia a smaller 
apneusis than in tlur control develops (Fig. 240, C). Anoxia thus (lirecUy 
depresses the inspiratory centre, but, via the ehemorece])tors reflexly stimulates 
it. 

Effects of Oxygen Excess. —Pure oxygen (at atmospheric pressure) 
can be breathed in man without ill effect for short periods, e,g, for several 
hours. There are few records of the effects of such inhalations for longer 
periods owing to fear of producing the pulmonary damage which develops 
ill small animals breathing pure oxygen for several days ; 10()% Og has been 
l)r(‘a<.h(*d in a few instances for two (lays without ill effect in man ; 60% Og 
mixtures can he breathed in man mde/lnitely with jierject safely. It is neccssar}' 
to emphasize these facts owing to the very widespread confusion on the 
subject. There is no change in pulmonary ventilation, metabolic rate or 
blood pressure ; mental activity is not stirnulatcMl. As pointed out on p. 1P4, 
erythropoiesis in the red marrow is d(*press(*d. The cerebral blood dow" is 
slightly decreased owing to local vasoconstriction (p. 306). 

If men are exposed to 4 atmospheres oxygen pressure, grave symptoms 
develop in less than 1 hour ; these consist of faintness, fall of blood pressure, 
or convulsions,* in a series of liealtby men exposed to 3*7 atmospheres O.^ 
pressure, great and un])redietable variations in tolerance w^ere observed, 
symptoms occurring in 6-96 minutes. A very common early sym|)tom w’as 
lip-twitching ; twitching also occurred in the arms ; other symptoms w'en* 
dazzle, giddiness, iiaus(*.a, vomiting, irregular res})iration, confusion and in 
some instances convulsions and unconsciousness.*^ It has been proved by 
experiments on isolati’d brain slice's that high Og pressure directly poisons 
many of the enzymes eoncerned with tissue oxidation thus paradoxically 
inducing cerebral anoxia.** The symptoms of o.x^^geii poisoning are mainly 
r(*T(!rable to the central nervous systtmi w’hich is lughly susceptible to the 
effects of anoxia.^ High oxygen pressure may also decrease the cardiac out]>iit 
and cause cerebral vasoconstriction. 

Climatic Conditions and Breathing. —When the body is exposed to 
W’arm and very moist external surroundings, r(*gulation of body temperature 
beconuss very difficult, as heat loss by evaporation and radiation from th(> 
skin is greatly interfered with. Tlie pulmonary ventilation under tlu'se 

1 Behnke ei al, Amer ../. Physiol. 1935, JJO. 565. Heaii, Physiot. 1915, 25, /. 

“ Donald, lirif. mcd. J., 1947, i, 667, 711. 

“ Dickens, Biochem. 1946, 4(1 145, 171. 

* 'flu* poisonous t*ffects of hi^h O.^ pressures have been attributed in part to rclrntioii 
of CO^ in the body. At 2 atinosyjiiorc's O 2 pressuri^ amount of Og dissolve<I in tin* 
plasma is over 4 e.e.% (normal 0-3 c.c.); this is suflicient to meet the resting O.. requin*- 
ments of the tissucjs (4 c.c. per 100 c.c. of blood flowO ; conse(iuently no reduction of 
oxyhiemoglobin takes place. As this substance is mori* acid than reduced Innmoglobin, 
hasf? is not made availabh^ for the uptake of thi* OOg formed in the tissuc.s ((^f. Fig. 253); 
bxyhasmoglobin alscj coinhincts less readily than does r<*du(je.(J hjemoglobin with COg to 
form carbamino-hannoglohin (Fig. 252). 
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conditions is considerably increased ; more water vapour is eliminat(‘d in 
the expired air, thus getting rid of extra lieat from the body. The, alveoJar 
and arterial (■Go tension falls ; the resulting alkalaunia is compensated for 
in the usual wav by the excretion of an alkaline urine (cf. }>. 478, and Fig. 51), 
p. 99). 

Blood Pressure, Cerebral Circulation, and Breathing. —A sudden 
marked rise of blood pressure in the resting animal depresses respiration ; a 
fall of blood pressure stimulates breathing. These effects are reflexly produced 
by the presso^receptors in the carotid sinus and aortic arch. The evidence is 
as follows : 

(1) A rise of pressure in the perfused carotid sinus reflexly inhibits breath¬ 
ing (Fig. 477, p. 741) ; conversely, a fall of carotid sinus pressure (e.g. as a 
result of occluding both common carotid arteries) reflexly stimulates breathing 
(Fig. 480, p. 743). By appropriate methods, similar results can be obtained 
by modifying aortic blood pressure ; the afferents concerned are the endings 
in the adventitia of the aortic arch. 

(ii) The increased ])reathing characteristic of luemorrhage (j>. 83) is ])ro- 
duc(‘d ](diexly ])arlly by the fall of blood pressure (and partly )>y tin* anoxia). 

(iii) The rise of blood pressure set up by adrenaline is accompanied in the 
intact animal by depression or cessation of breathing (Fig. 458, p. 720). This 
adrenaline apnoea is almost wholly reflexly produced by the rise of blood 
pressure acting on the aortic and sinus nerve endings. The apnoea cannot 
usually be brought about after section of the vagi and sinus nerves, t.c. a 
rise of blood pressure does not directly depress the respiratory centre. 

It should b(^ remembered, however, that in intact man a rise of blood 
pressure is frequently (in fact, commonly) associated with increased pulmonary 
ventilation. Thus, in vigorous exercise the breathing is stimulated in spite of 
the rise of blood pr(;ssurc because the chemical changes in the blood (e.y, 
increased ('Og and ion concentration) overcome the inhil)itory reflex from 
the presso-receptors. 

The respiratory centres, more than the other bulbar centres, ra])idly 
lose their excitability if their oxygen supjdy is cut off (Fig. 245) or if their 
blood supply is interfered with, as by rai.sed intracranial pressure (p. 404) 
or by cerebral amemia. 

Role of Afferent Nerves in Breathing. (1) Vaoi.- (i) The role of the 
vagi in normal respiration is fully discussed on pp. 387 et seq. 

(ii) The afferent fibres from the laryngeal mucous membrane are con¬ 
cerned with the covfjh rejlex which guards the res})iratory passages against 
the entrance of foreign bodies. 

(2) Affekents fkom ttik Cahdio-Vascular System and Chemorecep- 
TORS.* - (i) It was show'll above, that blood jmissun; c.hanges reflexly modify 
breathing by acting on the nerve endings in tin? aortic arch and carotid 
sinus. 

(ii) A rise of venous pressure reflexly stimulates breathing (cf. 273, 
461). 

(iii) The reflex effects of variations in COg tension and ir‘ ion concentra¬ 
tion, of Oj lack, and of various drugs, on respiration are considiued on p. 745. 

^ Heymaus et al.^ Arch. ini. Pfmrmacodyn, 1927, 273 ; 1930, 2.9, 440 ; J. Physiol., 

1930, 69j 254 ; Le Sinvs (Uirotiflien, 2iid edn., Paris, 1933. Schmidt and Comroc, Physiol, 
Per., 1940, 20, I la. 
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These results must be considered in conjunction with those described in 
the discussions of the mode of action of COg, R' ions, and oxygen lack on 
breathing (pp. 394, 39G, 398). The entire evid(nice. proves that tlie chemical 
changes in the blood regulate breathing to a filfpiifiratit extent rejfexly from 
the chejnoreceplors in the carotid and aortic bodies. 

(3) Other Factors influenctnc BREATHiNfj. Breathing is also in¬ 
fluenced by the following factors : 

(i) the higher centres, e.g. cerebral cortex or hypothalamus (Figs. 433, 449) ; 

(ii) afferent impulses from the surface of the l)ody, e.g. painful or thermal 
stimuli; 

(iii) during swallowing, breathing is reflexly inhibited by irn})ulse.s coming 
in the glossopharyngeal nerv'c from the post-]>haryngeal wall ; 

(iv) during sleep th(‘ respiratory centre is depressed ; although the m(‘ta- 
bolic rate is reduced, the respiratory (‘(*.ntre cannot maintain a level of pul¬ 
monary v(mtilation which is a(le<juat(^ to d(^al even with tlu^ redm^ed rate of 
(T )2 formation ; the alveolar COo tension conseipienily rises considerably. 

General Survey of Control of Breathing. —(1) In the resting in¬ 
dividual the pulmonary ventilation is adjusted to the rate of metabolisnL 

The basal metabolism in an average man is about 70 C^il. ])(U‘ hour (p. 378), 
or 1*15 Cal. per minute. The Og intake per (^al. is 210 c.c. (as 1 litre of Og 
burnt in the body yields about 1*8 (^al. (j). 375)). The Og requirennuit under 
basal conditions is thus about 210 c.c. p(‘r minute. 

From every 100 c.c. of inspired air about 4 c.c. of oxygen are absorbed 

240 

into the blood. So the puhnonary ventilation at complete rest is x 100 = 

6 litres per minute. In a woman the basal pulmonary ventilation is about 
4*5 litres per minute. 

It is clear from the above considerations that any of the hictors (enumer¬ 
ated on p. 378) which modify the metabolic rate produce corresponding 
alterations in the pulmonary ventilation. The effects of different dcAfrees of 
exertion on the respiratory exchanges are well shown in the Table below (from 
Haldane and Priestley). The efTccts of exercise are fully discussed on pp. 435 
et seq. 


Rest in bed 
Rest, standing . 
Walking — 

2 miles per hour 

3 miles j>er hour 

4 miles per hour 

5 miles per hour 


(>2 intake 
per min. 


j COj output ! 
I per rain. ] 


Pulnionarv 
Ventilation 
per min. 


j Alveolar 

I 


K.Q. 


237 c.c. i 

328 c.c. i 

780 c.c. j 

1065 c.c. 
1595 c.c. 
2.H3 c.c. I 


197 c.c. i 

264 <!.C. : 

662 c.c. j 

922 c.c. 
1.S98 c.c. 
2386 c.c. i 


7-7 litres | 
10-4 litres j 

18-6 litres j 
24-8 litres i 
29*0 litres I 
60-9 litres j 


5-97 1 0>88 

5- 70 I 0-80 

I 

604 ! 0-85 

610 i 0-86 

6- 36 i 0-88 

610 0-90 


Tli^. link between metabolism and breathing is mainly the alt^ation in 
the COf tension of the bloody to which breathing is exquisitely sensitive. 

(2) Breathing is comparatively insensitive to oxygen lack, unless it is 
severe. Therefore at sea level, when air of normal composition is inspired, 
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oxygen lack plays little part in controlling breathing. At high altitudes, 
or in oxygen - poor atmospheres, it becomes the dominating factor and 
stimulates breathing, although there is no change in metabolic rate, and although 
the effect of the hjfperpnwa is to produce an alkalcrniia. Tlui “ goal ” of the 
hyperpncea is, of course, to improve the oxygenation of the blood, 

(3) Changes in blood reaction due to normal bodily processes (as discuss(»d 
on p. 397) are constantly modifying the pulmonary ventilation above or below 
that required by the nietaboiic rate in order to presin ve tin* optiniuni K+ ion 
concentration. 

(4) Kxternal moist heot sets up hyper})na'a, which tends to cool the body ; 
incidentally an alkahemia is produced which has to be conipensated for in 
a})prof)riate ways (p. 478). 

(5) The level of the blood pressure probably only alTe(*ts br(*athing refle.xly 
in the inta(^t individual w])en it is altered rapitlly and to a significant extent 
(p. 401) and if the subject is at rest. 

Effects of Voluntary Hyperpnoea. —Tlie subject breathes very deeply 
and quickly for 2-3 minutes and then allows his breathing to act independ- 



Fio. 247.—Periodic Breathing following Voluntary Hyperpncea. 

Itfcord of respiration.. Altera jM>ri»Ml of viduntary liyperpiuea, develdps, followiM! 

by periodle t)reathinjr. 


ently of voluntary control. The bout of overventilation is followed by 
d(q>ress<Hl breathing or by apnwa (cessation of rhythmic breathing). A phase 
of periodic breathing commonly sets in, after wliich rt'spiration gradually 
becomes normal. Examination of the alveolar air at the (*nd of the over¬ 
ventilation shows that the CO 2 tension is greatly reduced, e.g. to 15 mm. lig 
(normal 40 mm.) and the O 2 tension is raised, e.g. to 140 mm. Hg (normal 
100 mm.) (Figs. 247, 248). 

The apnoja is due solely to the CO 2 lack {i.e. CO^ tension b(*low the mini¬ 
mum necessary for rhythmic breathing) and is not the result of the excess 
O 2 in the alveolar air. The following evidence may be (pjoted : 

(i) If the over ventilation is carried out with air containing 5% COg so 
that the alveolar COg concentration is not lowered, no apnoea occurs ; in fact 
hyperpncea persists after discontinuing the experiment although the alveolar 
O 2 concentration is raised to about 19%. 

(ii) The inhalation of pure Og very markedly raises alveolar Og concentra¬ 
tion, e.g. to 80% ; but it does not alter alveolar COg concentration and has 
no effect w^hatever on breathing. 

During the period of apnoea, oxygen is being steadily removed from the 
alveoli, so that two minutes later, the alveolar oxygen tension is only 30 mm. 
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Hg ; severe oxygen lack is thus present. At the same time COo has been 
passing continuously from the tissues into the venous blood, dilTusing out 
into tin* alveoli arni remainirig there. Thus the alveolar and arterial COj, 
tension slowly rises, reaching a level of about 36 mm. Ilg (Fig. 248). Though 
this tension is still below the threshold level, “ air hung(‘r ” is (jxperienced 
and breathing is n’sumed. This resumption of the breathing is due to a 
combination of factors : («) the rise of C ()2 tension almost to threshold, 
(h) the stimulating action of the severe anoxia. Tt can be shown that if either 
factor is lacking breathing does not recommence. 

(a) An animal is vigorously overvcntilated for say 20 minutes. Alveolar 
Og tension rises to the same level as before (140 mm.) but alveolar, l)!ood and 



TIME IN SECONDS 


F’lO. 21S.— Changes in the Breathing and in the Tension of Gases in Alveolar Air after 
Forced Respiration for Two Minutes. (Douglas and Haldane.) 

Upper <;urve, jiresstue .ixynen In alveolar air , Middle curve, pressure of CO, in alveolar air; 

Lower curve, respiration ; Straight interrupted liners normal CO, tension (4« mm. Hg), 

tissue COo tensions are reduced to extremely low values. Apncca sets in : 
after 2 or 3 minutes grave and progressive anoxia develops but breathing does 
not resume because the degree of CO 2 lack is too great to permit of anoxia 
alone acting as an elT(.*ctive stimulus to breathing. The animal may die of tin* 
anoxia without drawing a breath. 

(b) If pure oxygen instead of air is taken in during the period of forced 
breathing, the apnoea is greatly prolonged, and in one man persisted for 
eight minutes. This is due to the fact that the resumption of the breathing 
has to await the rise of tlie COg tension to its normal minimal value. Oxygen 
lack does not occur, and the oxygen tension is still higli at the end of the 
period of apnci^a. The breathing recommences gently without any sign of 
periodicity, breathing being maintained in a regular manner when CO 2 is 
the effective stimulus. 

Under normal conditions variations in the CO 2 tension alone control breath¬ 
ing ; but during the period of apnoea following voluntary overventilation, 
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the Oj lack which develops enables breathing: to be resumed before the CO, 
tension has risen fully to the normal threshold level. When breathing begins 
again, fresh oxygen supplies are taken in, the alveolar oxygen rises, and the 
oxygen want is temporarily relieved ; at the same time, loo, (Xlg is washed 
out from the alveoli and the arterial CO 2 ttmsion falls. Thus both factors in 
the coalition of forces which brought about respiratory activity have been 
weakened. The breathing therefore ceases again. Similar events occur 
during the next period of apncpa : the alveolar oxygcm is used up and increas¬ 
ing oxygen want develops ; (X )2 accumulates and the alveolar and arterial 
CO 2 rise, llreathing resumes again. This cycle is repeated several times 
(Fig. 248). It may be wondered why the process does not continue indefinitely. 
The reason is that the brief bouts of breathing do not suc(;eed in washing out 
COg from the alveoli as rapidly as it is being tunned out from the tissues and 
blood. The alveolar (and arterial) COg tension is a little higher at the end of each 
period of apnoea than it was at the end of the preceding one, thus gradually 
rising to threshold level. Regular breathing is then finally estal^lislied. 

The results described are by no means invarialdy obfaimvl. In some 
normal subjects apncea does not follow tlur overventilation, Init there is 
some decrease in the pulmonary ventilation : or the apneea may pass smoothly 
into regular breathing of incTeasing amplitude. )Som(*times the ovt‘rventilation 
continues in spite of a marked fall of alveolar CO., tension and s(‘enis to be 
outside the subject’s voluntary control. 

The general effects of over-breathing are best studical when the pulmonary 
ventilation is increased to a more moderate extent {e.g, two- to threefold) and 
kept up for a longer time, €,g. 5 to as long as 30 minut(^s. Fig. bfi (p. 119) 
shows the resulting increased alkalinity of the blood, the lower COg content 
of the plasma, and the usual compensatory changes to alkahemia, namel v. the 
excretion of a more alkaline urine with a lower conttvnt (cf. p. 94) ; 

urinary volume and urinary phosphate are also increased. For some unknown 
reason acetone bodies appear in the urine, and the blood lactate is increased ; 
these reactions may represent attempts to compen-sate for the alkahernia by 
turning out fixed acids from the tissues into the blood. The, pulse beconn^s 
rapid, sometimes irregular ; the blood pressure is little altered ; one would 
expect it to fall from the depressant effect of COo lack on the vasomotor 
centre, but the skin is pah, cold, and moist; this cutaneous vasoconstriction 
which is due to the direct peripheral action of (yOg lack may cornpen.satc for 
the vasodilatation of central origin (cf. p. 310). Leucocytosis and hyper- 
glycsemia have been reported. 

The nervous symptoms are numerous and important. There is a feeling 
of faintness, dizziness, unsteadine.ss, light-headednes.s, or of panic ; the 
mind becomes more clouded and the surroundings .s(M»m unnyal. There is 
nunibne.ss and tingling in the skin, especially in tin; hands, with im])aired 
tactile sense. Typical symptoms of tetany develop (p. lOOb), wdth carpo-pedal 
spasm and stiffness of the face and lips. Skilled voluntary movements are 
performed slowly and clumsily. The subject may show hysterical symptoms : 
he talks stupidly, laughs excessively, makes foolish grimaces, or .sits with a 
vacant expression, the mouth open and the tongue protruding ; consciousness 
may be lost. It is obvious that the higher functions of the brain are disturbed. 
Overventilation in man undoubtedly decreases the blood flow to the brain 
(p. 306) ; the resulting local anoxia may impair cerebral activity. There are 
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altonitioiis in tlio eloctro(‘iic<‘|)]nilogrjnn (]). 020) and the excitability of the 
motor cortex to electric stininlation is enhanced (]). O^io). 

Innervation of Bronchi.-- The smooth muscle fibres of the bronchi 
re.(ieive dilator fibres from the sympathetic, and constrictor fibr(‘s from the 
va^ji. Kefi(^\ stimulation of the latter fibres may be one of the causes of 
asthma. The afferent impulses producing this effect may arise from many 
parts of the hody—e.ff, from the nose (polypi), stomach, uterus, or from 
the bronchial tract itself. Histamine also induces intense bronchoconstric- 
tion (Fig. 2()r)); it may possibly be liberated locally in various forms of 
bronchial infection (p. ‘.J3S) and so set uj) sf)asrn. In an asthmatic attack, 
inspiration, which is an a(;tive moveineiit, can overconu' the obstruction due 
to the diminished bronchial lumen, and succeeds in drawing air into the lungs. 
The ])assive return of the lungs to Ihe ]M)sition (d' resi whi(*h occurs normally 
in expiration is r(‘j>la.ced by a laboured expiratory muscular effort. [For 
action of fidrenahifr, p. 727.] 


CARRIAGE OF OXYGEN IN THE BLOOD » . 

Certain essential data must b(‘ noted : J--- '. 

Alvkolar Air: The oxygen content is 13 1 ; the oxygen tension is 

about 100 mm. Hg (p. 3t)I). 

Artkkial Blood The avt‘rage ha'inoglobin cojitent of Idood is 15 g. per 
100 c.(\ As 1 g. of huMnoglobiii when fidly saturated combines Avitli 1*3} c.c. 
of oxygen, the full oxygen combining power of blood is about .20 c.c. per 
100 c.c. As arterial blood is only Of)’!,', saturated with oxygen, its oxygen 
content is about 19 c.c. flu this calculation the dissolved oxygen, about 
0-3 c.c.% has, for siTn])licitv, been ignored.] It must be emphasized that 
the arterial oxygen (‘oritent will vary in different individuals according to 
their hamioglobin content. The arterial oxygen tension is about the same 
as that in tin* alv(*olar air ; in this book the. alv(‘olar and arterial oxygen 
tension is taken to bf* a))out l(M) mm. Hg at sea h‘vel (ef. j). 307). 

Mixed Venous Blood. —The oxygen content of the mixed venous 
blood depends on the degree of bodily activity. Under resting conditions 
vJit is about 14 c.c. Og per 100 c.c, blood, but in violent exercise it may be 
I reduced to as little as 3 of 4 c.c. The oxygen tension corre.spondingly varies 
l)etw(*en 10 mm. Hg at rest and 20 mm., 15 mm., or less, during severe exertion. 

The volume of Og which can be hold in simple solution in the jdasma 
at a tension of 100 nini. Hg is 0*3 c.c.^,;,. As the actual volume of oxygen 
found in the arterial blood is about 19 c.c.%, it is clear that most of the 
gas is carried in loose combination with haunoglobin. 

Oxygen Dissociation Curves. —It is important to determine the 
amount of oxygen which hamioglobin solutions or whole blood take up at 
different tensions of oxygen. To study this problem it is first necessary to 
expose a series of small samples of blood (c.//. 3 c.c.) in a glass vessel (of about 
400 c.c. capacity) called a tonometer to various gas mixtures containing a 
known percentage of Oj and therefore with a known 0^ tension. The bottle 
is rotated in a bath at a known temperature for half an hour. The blood 

* Darrroft, Ite^pirntory Fuvrfioit of Ike litood, Cainbridgc, 1014, 2n(l pt. ii ; 

Jlcemofjlobin, 1928 ; Rev., 1924, 4, 329. 
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spreads out as a thin film over the sides of the bottle, comes into equilibrium 
with the gas and finally contains O 2 at the sarne tension as that 'present in 
the tonometer. 

It is next necessary to determine (i) the oxygen content — i.e. how much 
oxygen the sample contains under the specified conditions ; (ii) the oxygen 
capacity — i.e. the amount of oxygen the sample contains when it has been 
exposed to air (it is then fully saturated); (iii) the percentage saturation — i.e. 

.1 oxygen content 

the expression - -x 100. 

oxygen capacity 

Determination of Oxygen Content or Capacity.— The principle of 
the method is that potassium ferricyanide (K^FefCNjg) expels all the. oxygen 
in oxyhsemoglobin (liberated from the cells by haemolysis with saponin) with 
the formation of metlnT^nnoglobin. 

To determine the O 2 conienl, the blood sample under investigation ivS intro¬ 
duced into the Van Slyke blood-gas apparatus ; the r(‘.d cells are hiked by 
means of saponin and the. contained oxyhiemoglobin is lilxTatcd. K 3 Fe(CN)c 
is added ; the volume of Og evolved is nieasuretl. 

To determine the oxygen capacity another sample of blood is first vigor¬ 
ously shaken in air to saturate it with oxygen and then the amount of oxygt*n 
pr(*sent is dettirmined as before.* 

If, for example, the oxygen content is 14 c.c. and the capacity 20 c.c., 
14 

the percentage saturation is X 100 = 70 . 

The percentage oxygen saturation is determined of blood sampl»‘s exposed 
to oxygen tensions from 0 to J(K) mm. Hg pressun*. Tin* results are plotted 
with oxygen pressure as abscissa and percentage saturation as ordinate : in 
this way a dissociation rnrvc is obtained which shows tin* lelationshij) 
graphically. Curves are worked out for various conditions of t(‘m])erature, 
JT* ion concentration, hremoglobin concentratioj», eti*. Attcnition must 
again be drawn to the fact that 100% saturation represents an oxygen 
capacity which depends on the amount of ha moglohin j)rescut- c.g. with 11 g. 
llb%, the capacity is 14xl-34~18-7 c.c.% ; with J5 g. Ilb'^',, the capacity 
is ir)X I‘34--20 c.c,%, etc. A consideration of the dissociation curves reveals 
many points of interest (Fig. 240)- 

At the oxygen tension of the arterial blood (about 1(K) mm. Hg) a simple 
solution of hwmoglohin in water becomes almost fully saturated with oxygen 
(about 95% saturated). At the oxygen tension in the mixed venous blood 
at rest, e.g. 40 mm. Hg, the haemoglobin is still combined with most of 
its oxygen. In other words, if our blood consisted of a simple haemoglobin 
solution, when it passed through the tissues very little oxygen would be 
evolved and death from anoxia vrould result. The curve for haunoglobin 
is a rectangular hyperbola ; that for hlood under the conditions found in the 
body is S-shaped. lilood, too, is about 95% saturated at l(K) mm. Og tension, 
taking up about 19 c.c.% of oxygen. But at a tension of 40 mm. it only 
carries about 14 c..c.% O 2 , i.e. about 5 c.c..% have been made available for 
use by the tissues. It should be carefully noted that at tensions below 40 mm. 
the curve for blood descends steeply. This means that if the oxygen tension 

^ Peters and Van Slyke, Quantitative Cliniail Chemistry Methods, l..on(lon, 1082, p. 2.57. 
For Haldane’s blood gas analysiB method, see Douglas and Priestley, human Physiology, 
Oxford, 8rd erJn., 1048. 
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ffilis below 40 iiini., c.(). to 20 or 15 niiii. as in severe exercise, blood may ^ive off 
70 or 80';.;, of its foiitaiiUMl oxygen (?.e. about 14 or 16 c.c/^ J greatly 
increased quantities of oxygen are thus supplied to the tissues (sec continuous 
lines, Fig. 219). 

I lie (iis(‘nq)an(‘y b(‘t\ve(-M the Ixduiviour of a simph* liannoghjbiii solution 
and wliole l)h)nd is explained by the fact that blood in the body is at a 
temperature ol .ii ( (“oiitaiiis (’Oo at a tension of 10 nini. Hg (or more), 
and lias a higfi concentration of luenioglobiri in the cor})Uscles. "These facts 
can b(* readily demonstrated. 



Fig 24n. —Diagram to illustrate the Behaviour of Solutions of IJsemoglobin and of Blood 
under Different Conditions. 


AbBciBsa : Tension of Oxygen in miu. Ug. Ordinute : PercentaRo Hatiiration of hcoiuuRlnbin with oxyReu. 
Dotted lines: liuunoRioliin soIution.s—1, teiniMirature and no CO, tension ; 2, Rody temperature 

and no CO, tension ; 3, Rody tenifieratiire and 2U inm. CO, tension. 

Continuous lines; RJood. Tliick line—In preHonee of constant pressure of 40 mm. CO,. Thin line. 

Dissociation curve in Iwidy when (lis;ippr:iranee of oxygen is accompanied by increase of CO, pres¬ 
sure whicli fucilifatos dissr)ciatioii of (>xyh»*iiioRlobin. 

A - --Arterial point: V*= Venous point (mixed venous blood at rest). 

(i) By raising the COo ttmsiou to whudi a sim})lc lucmoglobiii solution is 
exposed, the dissociation curve is shiftt'd to the right," i.c. the convexity 
of the curve is llatttMied, which means that inore <>xygen is 
<ixyg«iL.J 4 aisiyiis. COo Rcts by altering thelP Ton'camceiitrati(Ui of tlie 
solution. If tli(‘ If * ion concentration is raised by any other acid, c.//. lactic 
acid, similar (‘fleets ar(‘ ])roduced. 

(ii) Raising the temperature to that of the body, i.e. ?>V C., has a similar 
though slight effect-. 

(iii) The strengtJi of tli(‘ lueinoglobin solution em])loyed is of importance. 
A w(*ak solution (e.q. I : 500) always gives a hyperbolic curve whether the 
njaction is acid, alkaline, or neutral. Tlie strongest ha*moglobin solution 
that can be obtained gives an S-sliaped curve under all circumstances. It is 
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iiotrwort.hy tliat tlie concentration of li:t*nio«!:lol)in readies its inaximuni in tlie 
red blood cor|)nsdes (about 30 of Hb ])er KK) c.c. of corjinsdes), and that is 
])resuinal)Iy oik* of the chief factors producing the S-shaped dissociation curve 
of blood. 

If the COo tension, t(*niperature, and lianiioglobin concentration are 
adjusted to that of the body, the solution ])eliaves like blood. 

Venous blood always contains CO 2 at a higher tension than arterial blood 
(46 Mini, at rest and liigher tcuisious during exertion). The dissociation curve* 
for blood at venous COg pressure is consequently shifted somewhat to the 
riffht <ronipared with that for blood at arterial COg pressure. 

Rate of Oxv(JFA'atto\ and REi)r(TTox of ILemoolohin. So far wt* 
have only consid(‘red the reactions of ha‘inoglobin when unliiniteii time is 
provided ; luit as the blood takes only 0-3 0'7 second to traverse* a ca])illarv 
in the lung tin* time available for oxygenation (aiiei likewise* feu* re'dnetion in 
tin* tissues) is brit‘f. Tlie* relocifj/ of tin* ha‘nn)glol)in re*ae*tienis must tln*re*fore* 
l)e considered. 

The apparatus of Hartridge and Rough ton is employed. The essence 
of the method is that reduced blood is mixed with oxygenated Ringer’s 
solution, and then caused to flow in a steady stream through a glass observa¬ 
tion tube. The rate of the chemical reactions occurring in the tube can 
be measured with the reversion spectroscope which detects the slight altera¬ 
tion which takes jilaee in the exact position of the absorption bands when 
reduced ha*moglo])in is converted into oxyha*rnoglobin. (’’ombination with 
oxygen uiidor these conditions is found to occur in less than one-hundrei/fh of 
a second, i.e. more than fast enough. The reduction of oxyluemoglohin also 
takes place with extreme rapidity and, according to Barerofb, it is spei^ded up 
by a rise of COg tension or a rise* of temperature. 

To summarize : the ejient of dissociation dejxuuls yirinoijially on (i) oxyg(‘n 
tension ; (ii) COg tension (and H’ ion coiieentration) ; (iii) tempera tun* ; 
(iv) ooncenlration of lucinoglobin. 

The rate of dissociation deyiends on : (i) COg tension ; (ii) t(*my)eratur(‘. 

Oxygen Carriage in the Body.—(1) Each 100 c.c. of arterial l>lood 
passes to the tissues carrying about 0-3 c.c. of oxvgeu in solution, and about 
19 c.c. in combination with ha:*nioglobiii. The tension of oxygen is about 100 
mm. Hg ; it must be remembered that t(‘nsion is a jiroyierty solely of the gas 
in solution. Tin* oxygen tension in resting tissues is y)robahlv just a littl<> lower 
than that found in the v(‘iious blood, e.g. about 35 mm. Hg. Owing to the 
great difference of oxygen pressure, oxygen rayudly jiasses out of the y^lasnia 
through the capillary wall and tissue fluid to reach the tissue cells. The 
oxygen tension in the blood falls to about 40 mm. ITg ; complete equilibrium 
with the tissues is not achieved. The oxyhiemoglobin in the cory>us(dos is now 
exposed to an Og tension of 40 mrn. Hg. in the plasma around it, and therefore 
cannot retain all the oxygen it has hitherto held in combination. Dissocia¬ 
tion occurs, and about 30% of the oxygen present (e.g. 5 c.c.%) is liberated. 
This volume of gas cannot remain in solution in the plasma, which already 
.holds as much Og as it can ; the oxygen liberated from the corpuscles must 
therefore diffuse out into the tissue fluid (Fig. 250). 

As a result, the venous blood leaves with an oxygen tension of 40 mrn. . 
Hg and an oxygen content of about 14 c.c.%. There is slightly less oxygen 
in solution, and considerably less oxygen in combination with hscmoglobin. 
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The arterio-venous oxygen difference or difference in oxygen content of 
arterial and venous blood is 19—14 =5 c.c.%. 

In this instance the coefficient of utilization, which is 


O 2 taken up by tissues 5 
O 2 content of arterial blood 19 


-0*26, or 26%. 


(2) When a tissue is active, e.g, the skeletal muscles during vigorous 
exercise, the venous blood becomes far more extensively reduced. Very 
active muscles may abstract almost ail the oxygen brought to them in the 
arterial blood, i.e, the coefficient of utilization is extremely high. The mixed 
venous Idood (that in the right aurie.h*) may have an oxygen eoiitiuit of 7 8 
e.e.“„ in hard work, or 3-4 (*.(*.‘'0 iw extrernely viohnit exenusc*. corresponding 
to coefhca’ents of utilization of 60 ^^', and 80% respectivtdy ; as tlu*. mix(‘d 
v(*nous blood consists j)artly of blood from skin and visc(Ta, whi(di is only 
slightly reduced, it is clcfir that the blood from the active muscles must be 
almost com])lctely free from oxygen. The essential factor concerned is the 
fall of oxygen pressure in the blood as it passes through tlu^ muscles ; this 


CztenwonSSmm 



t’lQ. 250.—Diagram showing Passage of Oxygen from Blood to Tissues in Resting Organ, 


causes almost complete dissociation of the oxyhannoglobin. This more 
extensive reduction in active tissues is brought about as follows : 

(i) The nuiriber of patent cajHilaries laM'omes greatly increased {e.g. 10 
times), and all the cajullaries become widely dilat(*d (Fig. 191). Owing to 
th(^ greatly incr(*ased total cross-.section of the vascular htul locally, the 
linear velocity of the blood through the tissin* is slowed dowii and thus nu)re 
time is available for dissociation and diffusion of oxygtui. Tin* total blood 
How is of course gr(*atly increased b(*cause of local artt‘riolar dilatation 
(|j. 432) and more general eirculatorv reactions (p. 433). 

(ii) A large surface of blood is in conta<*,t at any one tinn* witli the tissues, 
and the gaseous interchange is furth(*r facilitated. 

(iii) As the tissue is consuming Og at a great rate, the oxygen tension 
witW it probably falls to zero. A very steep oxygen pressure gradient 
exists between plasma and tissues, permitting rapid diffusion. 

The oxygen tension in the blood falls, e.g, to 30 mm. Hg ; the oxyhemo¬ 
globin dissociates and gives off about 60% of the oxygen combined with 
it. In an active tissue the temperature rises, larger amounts of COg are 
evolved, and the H ' ion concentration tends to go u}). Tlui nse,„.o^^^^ , 

tura And 0 , 0 .^ tensi on i ncrease the rate of dissociation of HbOg. The„increai^ 
CO.^tension means that Hb~67giye8 off a ny'g wm oxySl^te^on.k 
When exposed to a 30 mm. Ifg Og tension71^TooJat J(5 ium. COg feiisidri gives 
off half its combined oxygen: blood in which the decrease of Og is 
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accompanied by a corresponding increase of COg [)ressuro gives off 58% of 
its oxygen (Fig. 249). If the oxygen pressure falls to lU mm., blood at a 
CO 2 pressure of 40 mm. becomes 1U% saturated ; but if the usual coincident 
rise of CO 2 pressure takes place* the venous blood is actually only 7% saturated. 

Tn the ways describcMl activity of a tissue, by altering the calibre and 
iuiinb(*r of the capillaries and changing the local O. and 00. tension and the 
temperature, may enable three times the volume of oxygen to be abstracted 
from the saiur volume of blood How conipared wit h the nesting utilization. If 
the blood How is also increased the total oxygen a.bstract(‘d in unit time is 
correspondingly rais(*d. 

(3) When the mixed venous blood (Og tension 40 mm.) passes through 
the lungs it is exposed to an oxygen tension in the alveoli of 1(X) mm. Hg. 
Owing to the great difference of oxygen pressure, the gas ra])idly diffuses 
from the alveoli through the thin pulmonary and capillary e])ithelium into the 
plasma (cf. p. The amount of oxygen in solution is increased, and the 

tension in the plasma rises to about ICMJ mm. Hg. The haunoglobin exposed to 
this high oxygen pressun* takes up oxygen from the surrounding |)lasma and 
unites with it chemically. As oxyg(‘n is thus removed by the* corpuscles from 
the plasma, fresh amounts of oxygen can pass from the lungs into the Idood. 
A constant stream of oxygen thus passes from the lungs into the plasma and 
thence into combination with Inemoglobin. The arterial blood finally leaves 
the lungs almost fully saturated with oxygen saturated), at an oxygen 

tension of 100 mm. Hg. The oxygen content is thi‘n al)out 19 e.c. (the (*xact 
figure depends on the lucmoglobin content) ; only 0-3 e.c. is in solution. 

The peculiarities of faital htemoglobin and the mechanism of transport 
in the placenta helween mother and Jcclas are discussed on })}>. 1()97 ct scq. 


CARRIAGE OF CO^ IN THE BLOOD ^ 

The following data about carbon dioxide in the blood must be remem- 
bered. They indicate the normal average findings in man. Variations 
above and below these figures are to be expected in healthy subjects : 

Tension of CO 2 : (i) in alveolar air, 40 mm. Hg (p. ‘hit) ; (ii) in arterial 
blood, 40 mm. Hg (p. 3b7); (iii) in venous blood, 46 mm. Hg at rest (p. 279), 
and higher during exertion (up to 60 or 70 mm. Hg). 

Volumes of CO^ per 100 (-.o, of Blooj^ : In arterial blood the normal range 
is 45‘-5G c.c.; in the example given below it was just. ov(ir 48 c.c.; in mixed 
venous blood at rest it is 4 c.c. higher, e.g. 52 c.c. ; in mixed venous blood during 
severe exercise a furthtjr marked iiicniase ocemrs, e,g. up to 65 c.c. 

The total COg content of the plasma is nearly three tinuis higher than that 
of the corpuscles. 

I ' COg is present in the blood in three forms : 

\ (i) In simple solution to form HgCOj. 

J (ii) As bicarbonate, mainly NaHCOg in the plasma and KHCO 3 in the 
corpuscles. 

I (iii) Combined with hcBrnoghhin to form carbamino-hdimoglobin in the 

See Peters and Van Slyke, Quantitative Clinical Chemistry, I nferpretaiiomt, liondoii, 
1932. Haldane and Priestley, Respiration, new edn., Oxford/l9:ir>. lioiighton, Physiol. 
Rev., nm, 15, 241, 
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corpuscles (and combined to a less extent with jdasma protem to form a similar! 
cari)aminO‘protein). : 

(ii) and (iii) form the mnlmied COg of the blood. 

Full representative data for arterial and mixed venous blood at rest are 
given in the Table below,‘ which should be carefully studied. 


Arterial Bi.t)()i) Mixed V'knofs Blood 



idasma 

(\)rpuscl(‘.s 

\V}ioI<‘ 

Bloo<i 

Plasma 

(’orpu.scles 

Whole 

JOood 

VDhmie in iw. 

00 

40 

100 

dOO 

404 

100 

% Saturation of II l» 

i 






with Oj . 


90 



7.') 


pU . 

74ri 

7-12 


7 43 

711 


COg piT.ssiiro in mm. 

tiK • • • 

40 

40 

40 

4.V4 

404 

4.V4 

COj, in .solut ion in c.c. 

10 

OS 

21 

l-S 

O'O 

2-7 


(lain in 

dissolved (.’Om 

- 

■i()-2 

I 0 1 

f 0 .3 

Total comhined COj 







in c,c. 

1 341 

ll-S 

4d*9 I 

30-3 

KM 

404 ! 


Total (Jain in Combined (.’O^ 

■+ 2-2 

4 1-3 

1 3’.') 

(■Oj as Bi<*arhDnat<*. 

331 

9'H 

42-9 

3;)-2 

lO-o 

4/)-7 ; 


(jiain in 

(’Oj as Bicarbonate 

-f-21 

+ (}‘7 

4' 2*8 i 

; t '02 as (Jarbamino- 







1 compound. 

10 

2-0 

3-0 

JI 

20 

3-7 


Gain in 

CO, as (’arbamiiio- 





compound 

- 

+ ih\ 

4 0-6 

4 0-7 ' 

Total (JOj in all forms 

3m7 

12-0 

4S'3 

3S1 

140 

r»2] 


Total (Jain in (Ht, in all forms--* 

-t 2-4 

4 14 

-f- 3*S 


Formation of Carbonic Acid, Carbonic Anhydrase.— The solution of 
COg in water to form HgCO^, i.e, (X)2^-H2()->Ho(X)3, takes place very slowdy 
in pure water ; the same is true of the reverse reaction, ?’.c. tlie (>volution of 
(X.)2 as a gas from its solution. An en/yme is pres(»u t in the red bloodij 
<\or.m jseles calhid carhonic \vhich cii orrnciusly ac e"(Ter aiirbb^^ 

hoMoi^ anJTTi^ The enzyme is destroyed by lieat and^ 

inhibiteil by ])(ns()ns like cyanide. The enzyme is not jirosent in the plasma. 

Carbon Dioxide Dissociation Curves. -Important information about 
the behaviour of the COg of the blood under different conditions of (Xlg 
pressure (c.r/. those found in the alveolar air or in the tissues) can be obtained 
by determining the COg content of hlood at dilfereiit COg pressures; the 
results, when plotted, "constitut(^ COo dissociation curves ; the abscissa 
represents CO^ pressure in mm. Hg, the ordinate the volume of (Xfg in c.c. 
per loo c.c. of blood. Curves are obtained for both mluml and oxifijenated 
blood. The blood is exposed to an appropriate series of COg pressures in a 
^ Siadie and O’Brien, J. hiol. 1937, 7/7, 439. 
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glass vessel (tonometer) until pressure equilibrium is reached ; for reduced 
blood the diluent gas in the tonometer is hydrogen, for oxygenated blood a 
mixture of hydrogen and oxygen is used (the latter at a pressure of 100 mm. 
Jig which represents normal alv'eolar O 2 prt'ssuni). The blood sample is 
treated with acid (N/10 lactic acid) in a Van Blyke l)lood-gas analysis apparatus 

and exposed to a vacuum. The 
COo of the blood, in whatever 
forms it is 'present (in combina¬ 
tion or in solution) is evolved 
and t he volume measured. Fig. 
251 shows typical disvSociatioFi 
curves. As the (X )2 tension is 
increased the total COg content 
rises [i.e. more COg is tak(*n up); 
as the ( -()g tension falls the COg 
content falls {l.e. less (JOg is 
taken up). In a vacuum the 
COg content of blood is nil, i.e. 
all the containi*d (X)o is given off 
completely. It will be notic^ed 
further tli.at at any given (’D.g 
pressure, reduced blood takes up 
11 larger volume of (JOg than 
oxygenat(Ml blood; therefon; 
under the conditions that exist 
in the body, reduction of the 
l)Iood (ccc//. irifhotif rise of 
lension) increases the (JOg up¬ 
take by the blood; conversely, 
oxygenation of the blood leads 
to tlie evolution of (Xlg The 
straight line (dissolvcid (X)g) in 
Fig. 20 ! shows tin; voluim* of 
(JOgin siin[)le solution at tlifler- 
ent (/Og pressures. The dilfer- 
ence between th<*se values ami the total CXlg content n*presents the COg 
jjresent in blood in combination. We must next consider in detail the 
combined forms of (X)g in i>lood. 

Carriage of COg as Carbamino-Compounds. -There is satisfactory 
chemical evidence that (JOg combines with the amino, i.e. the NHg, groupings 
of hscmoglobin to form a compound called carhandno-hamofflobin (in America 
it is known as carbhwmoglobin).^ 

Ifb.NHg + COgt^Hb. NTT.COOir. 

COg combines in a similar manner though on a smaller scale quantitatively 
with the plasma proteins. The combination tak(ss place directly between the 
free gas and the haDmoglo])in (or plasma protein) ; it does not require previous 

^ This siihstjiTico slif)ul(l not be w»nfuK(id Avith rnrhoxyluemoglobin (better called carbon 
monoxy-hmnoglobin or Mrbonyl-lapjntHjIohln)^ whi<!h is (bnned when earlxni monox'uh 
combines wi<h haMiiogtibin (p. 440). 



Fa,:. 2ril.—(.‘O^ Dissoeialioii Curves of hlnod, 

(.'oMtiuiious curves : l,o\ver etu ve Dis^oelatieii eiirve ol' 
fully oxym-iiate«l blood; bpper curve IM.'<oei:ilion 
curve of blood Ibc b:«MUO}Jtlol»iu «»f wbii’b is full\ 
rediicfd. 

A- Arterial {»()int (40 nun. Hu COi ]»n*ssiire). 

V-Stale of blood wtiieb has been fully reduced in l»ody 
aii<l ill wbii'li each lU c.c. of O) us<v| ha.s ui'en rnc 
to an additional 10 e.c. of I'Oj (l{.Q. 1 >- 

AV’_ Hissociatiun cur\c of blood in itody. wlnn tin- iricrcaf'c 
of COi {•(»ntcnl is accoiupaiiicd b> correspondinu 
rcduclioii of lueinoulobin. 

VI -State. (il‘ l^i^e(l venou.s blood at rest in the body ((h). 
]u*cssun’ 4.') luin. Hu)- 

Straiuht line : Dissoivcfl ('0> ('07 in .solntion. 

Interrupted line; |'iie:irl). liissui’ialion curve of liicarlioii* 
ate solution. (Modified from (.hiristiaiiseii, Douulas 
and Haldane.) 
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solution of the COg or the assistance of the enzyme carbonic anhydrase. Fig. 
252 shows the relationship between COg pressure and COg uptake by hjemo- 
globiii to form the carbaniino-conipoiind. At COg pressures above 10 nun, Bg, 
htPinoglobin (either reduced or oxygenated) is almost completely saturated 
with COg so that a rise of COg pressure leads to little further CO., uptake in 
this form ; the same holds good for the carbamino-protein. There is a striking 
dillerence, however, between the curves for reduced and oxygenated hauno- 
globin ; at any given COg pres.suTe reduced hamioglobin takes up about 5 c.c. 
of COg (per 100 c.c. of blood) 
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OXYGENATED BLOOD 


more than does oxygenated 

hannoglobin. The rise of p ^ V 

COg pressure in the tissues ^ ^ - REDUCED BLOOD / 

would thus not hjad to any ^ 7 _ j / _ 

significant increase in COg ^ | / 

uptake in the carbaniino- ^5 ^"“1 / 

form; but the simultaneous ? | / 

reduction of oxyhauno- 5 «o 5 “I / 

globiii which takes place i / 

considerably increiistjs its § p. ^ 1 | / 

afiinity for COg and the 5 3 J ___- 

amount of COg with whi(?h ^ I OXYGENATED BLOO^ 

it combines (curve AV, ^ ^ o ! J 

Fig. ‘252U I ^ {/ 

The Table (p. 115) sets I y 

out these facts well ; 1 (K) jf 

c.c. of arterial blood con- -•-'-•-'-•-^- 

tain in the carbamino-forrn IPoccInoc nc rn^/ 

1- 0 c.c. ol CO., in the plasma ^ 

(as carbaniiiro-proteiu) and <'}' <'arlm.ni|i....<.n.j,oiuKls 

X ^ . lin.nnJv ( arluinniio-ii.’rinoLnolHii). 

2 - 0 c.c. in the corpuscles , * , . t. , , 

, , . , 1 1- V Lower curve; oxyj?en.ite(l blocHl. I i>i)cr curve: reiluml 

(a.s carbammo-lnemoglobin) biuod. 

ata(X), pressure of 40 mm. i«=‘.vR™.ira tonoBiobiu, 4 ii mm. cO; 

*• I pri'sssun j. 

ng. in the mixed venous V ; completely reduced venuufi blood umler eoiuiitioiis in Mie, 

11.1, . . 1 . • botly (fully n!diieed lueiiio^lobin, 7 d iiim. (’(L ])res.surej. 

0100(1 at riLSt tne amount in W; (;o2 uptake a.', eiiriiamino-eotupoiinds during pa.ssape 
the plasma as carbaniino- bftwd throuuJi ttssurs wlu-re risr of to, pressure is 

. as.soewted wjUi eoiiipb’te n'diietioii of tlje bieiuo^Riobiu. 

protein only ris(?s to J • J c.c. l (Drawn l>y Pmt. David .Slome.) 

that in the corpuscles as 

carbamiiio-htaunoglobin rises to 2-6 c.c. owing to the .simultaneous partial 
reduction of the haemoglobin from 95% saturation to 75% saturation with Og. 
When blood is fully reduced the amount of COo as carbamino-hiemoglobin 
may rise to 7-0 c.c. (per 100 c.c. of Idood). 

Carriage of COg as Bicarbonate.— The rest of the combined COg of 
the blood is present, mainly in the plasma, and to a much less extent in the 
corpuscles, as bicarbonate. When the properties of bicarbonate in simple 
solution in water are examined they prove at first sight disappointing (Fig. 251, 
Bicarb.); bicarbonate is found to be a comparatively stable substance which 
(uiilik(i blood) is entirely unaffected by variation ot COg pressure within the 
physiological range or even by low pressures of COg down to a few mm. Hg. 
The only change produced is the expected rise or tall of the volume of COg 
dissolved in the wat(jr. 7v vdcuo, however, bicarbonate does dissociate, though 

14 


10 20 30 40 50 60 70 

PRESSURE OF CO2 (mm.Hg) 

.Kji;. 2r)2.- (’arria^c ol’ ('(Ig as ('arhamino-cfimjxuuKls 
(inainJy (‘arLamiiio-ii.aunouloluii). 

Lower curve; oxyj?cn.ited bliUHl. Upper curve : reilueed 
bluud. 

A : arterial point (oxygeualtrd iuemo^lobin, 4li mm. COi 
pressure). 

V ; completely reduced venuUfi blood umler eoiuiitioiis in the 
l» 0 tly (fully naliieed luemo^lobin, 7i) mm. (’(L jiressurej. 

.\\‘: (;02 U[)take a.s e.iriiamino-eompoiinds during pa.ss:i{;e 
of bftKid thromtli ti.ssiies where rise of UOi pre.ssure i.s 
as.soei;ited witii complete nsliictiou of tlie biemo};iobii). 

(Drawn l>y Pmf. David .Slome.) 
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CO., CARRIAGE AS BICARBONATE 

very slowly, giving oil* half its COg content, the other half remaining combined 
with base as carbonate from which it can only be expelled by means of acid : 

2 NaHC 03 ^tC 02 + NagCOg + IlgO. 

In spite of these results, bicarbonate can be shown to play a very imy)ortant 
part in COg transport. It must be remembered that blood contains many 
substances which can modify the behaviour of the bicarbonate. It can be 
readily shown that the addition of haurioglobin or plasma. prot(dii to a bicar¬ 
bonate solution entirely alters its reactions to changes of COo pressure ; it 
now gives olf or takes up COg readily as tin* CO.> pressure falls or risers : in 
vacuo it gives otTits COg rapidly and completely in the presence of hamioglobin, 
and almost completely in the presence of plasma pr()tein. 

Mo OK OF Ai"rioN OF Hlood 1’r(»tkixs. — The mode of acti<m of luemo- 
globin and th<? plasma ])roteius can Ix^ explained very crudely as follows. 
Blood is an alkaline fluid containing basic and acid radicals. Tin* base is 
first bound with the strong a(‘id radicals, e.g. (d, to form salts like NaCl. 
Tin* base which is “ left over ' is shan‘d between the two weak acids, namely, 
lloCOg and the proteins (which act as weak a(‘ids in an alkaline medium), 
to form bicarbonatt* and ])roteiuate resj)ectively. Enough base is not avail¬ 
able fully to neutralize tli(*se acids, and so \\v hav(* left HgCO.,, bicarbonate, 
“ proteic acid*' ([)rotein acting as a(nd=HBr), and ju'oteinate (protein 
combined with base ^ HBr.). Tliere is constant com]u*tition between tln*se 
two acids for base : the amount that each can obtain depends on th(* relati\'e 
concentrations of [)rot(‘ic acid and lloCd-j in the blood. When tin* IlgCX)., 
of the blood is incn.'ased, base is remov(*d from the j)rot(*in (using the t<*rm 
to include ha‘moglobin and jdasma pi-otein) and more bi(*arl)onate is formed, 
and vice versa. 

H 2 CO 3 + BPr^BHCOa -t HBr 
(JVotein (Bicar- (Pn»iciii 

4-l)as<‘.) noriati'.) ; 

The equilibrium is thus a vt‘ry unstable one, and is disturbed by variatitms 
in the mass of the interacting substances. 

The protein chiefly under consideration is haemoglobin, which is found in 
blood in both the reduced and the oxygenated form. The isoelectric point of 
reduced haemoglobin is 6*8 ; that of oxyhaemoglobin is 6-65. At the iso¬ 
electric point a protein unites with neither acid nor base (p. 134). On 
the alkaline side of the isoelectric point proteins behave as weak acids ; 
the farther away they are from their isoelectric point the stronger is their acid 
character. Their strength as acids can be measured by determining the 
amount of alkali they unite with. The results of such observations fire 
showm in Fig. 253. It is seen that at any ion cojurentration oxyha*mo 
globin unites with more base than does reduced hsBmoglobin. At pH 7*25 
(the normal reaction of blood) this difference can be expressed by representing 
oxyhsemoglobin as K 2 Hb 02 and reduced hsemoglobin as Ki.^Hf^.^lib. (The 
base bound with hsemoglobin is potassium.) The oxidation of hsemoglobin 
causes it to unite with more base which is taken from the bicarbonate; CO 2 
is consequently liberated and turned out from the blood. Conversely, re> 
duction of the haemoglobin causes it to give up base which is made available 
to unite with CO, to form bicarbonate. It follows that at any given CO 2 
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])reHSure, iv.(1uc(h 1 l)k>o(l will lakr up innn* CO, tliuji oxy^f^uiatrcl blood. 
This amplifies from another standpoint the information alreacly elicited from 
a study of the dissociation curves. 

In varuiK all the dissolved (H), is <*volv(*d and the concentration of HoCO., 
falls to zero ; conse<jiiently the proteins of the ])lood (mainly the, Inemoj^lobin) 
remove all the base from the bicarbonate, find all the CO, so combined is 
given off. 

According to Van Slyke the changes undergone by haemoglobin in the 
tissues can be represented thus : 

(1) KaHbOa 0^ + O-THjCOa^rKi.gHo.^Hb 4 O-TKllCOg. 

[In the lungs the reaction is : 

(2) Ki.3Ho.7Hb + 02 + 0-7KHCOg:±K2Hb02 4 0‘71l204 0-7C02.] 

It is seen that 0-7 molecule of CO, can be taken up from the tissues and 
transformed into KHCOg for every 1 molecule 0, used ((squation (J)) with¬ 
out any other assistance than the 
simultaneous reduction of hcemo- 
(flohin and its consequent weaker 
hold on base. This bicarbonate is 
then broken up by the oxygenation 
of the hfcmoglobin in the lungs 
(Rquation (2)). If the R.Q. (CO, 

<‘volved/02 used) is 0-7 the abovt* 
mechanism is adequate for CO, 
carriage. But if the R.Q. is 1 
there is an additional 0-3 molecule 
CO 2 liberated {i,e. J molecule COg 
for 1 molecule Og). The extra CO, 
could, theoretically, be converted 
into bicarbonate by taking base 
from the hflemoglobin and ])lasma 
proteins as follows : 

i. HaCOa+K.lJb^KHCOa+HHb. 

ii. HgCOj+NaPriitNaHCOa+HPr. 

In view of the enhanced affinity 
of reiuced hxBmoglobin for CO^ to 
form (nrbaniino-hirinotflobin, it is 
unlikely tliat this series of reactions 
is called upon to any significant 
degree. 

Interchanuks retwken thk 
Plasma and Corpuscles.—A s ex¬ 
plained on ]). 7 the red cell mem¬ 
brane is })ermeable to tlie negatively 
charged anions (ejj. CP, HCOg') and to 11^ ions; it behaves, liowever, as 
though it were impermeable to the other positively charged cations (c./y. 
Na^, ), When CO, enters the blood from the tissues there is only a small 



Ki( 3 . 2rKi. — Powrr of Oxy- and 

Bed I - 11 ()glo 1 »i n. 

The (irdiiiatp .'itoiiis uf ha.sr (K) wliidi nnifi* 

with oiu’ inolc<’iilr of hiiMiiodohiii. Ahs('issa, 
roMirlioii of incdimn. 

At tin- isorliTtrir point no union witli h.'ise oocurs. The 
jso<dirtri<* point, for Uh is f»-s, for 10)02 it is fi*0. 

At ))lood /UJ (7 L'r)) e.-ndi inohM-nli' of IlhOj units with 
•1 iifoms of K, Jirnl Kirh jiidIcciiIo of Hh with I II 
atoms. Hediictfon of o.vylia'ino^dohin llhcratps 
0-7 atom of K ])er moli'cnlo. This is available for 
union with COi to form l)if:irl)onal(’. If more base 
is tlirn taken from i‘e<l\ieed Inemo^lobin, the pH 
moves lo tlie Ij'ft, i.i'. tiie ira«‘ti(»n lusiomes more 
arid. (Peters and Van Slyke, Ouautiintivf (Tmicul 
Chemhtry, fnffrprctatiOHH, llKlii.) 
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CHLORIDE (BICARBONATE) SHIFT 

increase in the HgCOg content of the plasma (owing to ahsencc' of carbonic 
anhydnise), but there is a large increase of HoCXIa in tlie corpuscles (owing 
to tile presence of aiihydrase). HgCCXj then reacts with liiomoglobin to form 
much additional bicarbonate ; very little hicarlionate is formed primarily in 
the plasma. As the HCO./ concentration of the cells is raised it migrates out 
into tlie plasma ; an efpiivalent amount of Cl' moves from tlie ])lasma. into 
the cell. These reactions can be shown thus : 

Phstm. Red Cells. 

HoO-i CO, rHoCO.., 

H 2 CO 3 +K. H 1> >KH(^ 03 +ll.Hb 



These migrations can be proved experimentally. If the CO, Umsion 
of whole blood is raised the chloride of the plasma decreases, the chloride 
of the corpuscle increases and the plasma bicarbonate iiuTcases. This is 
known as the chloride shift or Hamburger jdienomenon ; it might be better 
called the bicarbonate shifty so drawing attention to the physiologically 
significant aspect of the exchange. Without this ionic exchang(‘ almost 
the entire uptake of COg as bicarbonate would occur in the red cells ; because 
of this exchange most of the COg jminurilg converted into biairbonate in the 
cells is transferred secondarily to the plasma to form xs’allCOg. 

The Table on p. 415 shows these facts quantitatively. In the example 
given, 100 c.c. of arterial blood contained 33-1 and 9-8 c.c. of COo as bicarbonate 
in plasma and corpuscles respectively; in the mixed venous blood the 
corresponding values were 35’2 and 10*5 c.c. The plasma has thus 
gained (chiefly through the ionic shift just described) 2-1 c.c., and the 
corpuscles only 0-7 c.c. as bicarbonate. The total uptake as bicarbonate 
was 2-8 c.c. 

When CO 2 is taken up more HjCOg is formed, and the 11+ ion concentration 
tends to rise ; but this is largely compensated by the simultaneous formation 
of bicarbonate which gives rise to an excess of OH' ions ; the reverse clianges 
take place in the lungs. The various reactions described above buffer the 
blood so effectively that the difference in pH between arterial and venous 
blood at rest is 0-01-0-02. As explained above, bicarbonate is readily 
formed in the corpuscles and thus their reaction is well protected (prunary 
buffering). The comparatively small direct formation of bicarbonate in the 
plasma means that primarily it is poorly buffered. The outflow of HCO,' 
from the corpuscles into the plasma increases the bicarbonate content of 
the plasma and so preserves its normal reaction (secondary buffering). 

The bicarbonate of the plasma has three functions : (i) it acts as a means 
of CO^ transport ; (ii) it is the alkali of the plasma (the reaction of plasma 



CO., DISSOCIATION CURVES IN BODY 


depends on the ratio of HgC-O.^ to BHCO 3 ) J (*”) alkali reserve which 

neutralizes any strong acids which enter the blood (p. 92). 

CO 2 Dissociation Curve in the Body.— The dissociation curves in Fig. 
251 for reduced and oxygenated blood represent somewhat artificial conditions. 
In the body the uptake of CO 2 by blood as it passes through the tissues 
is accompanied by a simultaneous and corresponding evolution of Og: 
similarly the evolution of COg in the lungs is accompanied by oxygenation of 
the blood. When 100 c.o. of blood are fully reduced in the tissues 19 c.c. of Go 
are evolved. The amount of COg 

formed varies with the local re- ^ 

sj>iratory quotient. Taking the g 

twm extreme values for the K.Q. 5 $4 - “ 

of 0»7 and 1*0, the COg formed is ^ ^ 

13*3 c.c. and 19*0 c.c. respec- g 

tively ; for intermediate values | " y// 0''y' 

of the R.Q. intermediate volumes | ' yy y^ 

of CO 2 are formed. Thus with an | 56 .y 

R.Q. of 0-85 an additional 16-0 S 

c.c. of CO 2 are evolved. The 8 ^ 

COg content of fully reduced Sj 
blood in the body (when the S 

arterial CO 2 content was 48 c.c.%) 48 - -h - iz -: „ 

would vary between 48 + 13-3= ^ coz pressure mm-Hj. 

61-3C.C. at R.Q. 0-7, and 48 + 19 1 . . . „ 

-a? M.. 4 - P l.A. PA 254.—CO 3 Dissociation Curves in the 

0 / UC. ^^*^* * > at n.G. Varjung Values for the Keapira- 

0*8e1 it would be 18 + 1G=6I c.c. l, 0 |.y Quotic'Ct. (Modified from Douglas 

Inspection of Fig. 254 shows and Priestlev.) 

that fullv rc'duced blood with a This Kipure is an ffnlariiiMl ainl ainplillnl reproduction 

m ..f fi7 r. « lino .1 AA of tin* central portion of Fig. 251 (/y.?).). 

lA.l 2 t 0 nU.nt 01 Oi C.C. ilclS tl vAJg Upper curve : dissociation curve of hlood the ha?ino- 

tension of 70 min. Ilg. This glohm of wtddi is fully reduced. 

, ., r Lower ciirv**: dissociation curve of fully oxygenated 

point IS markc.d oil 011 the iqipcr blood (ivi c.c. of o^ per io(» c.c. hUuxi). 

(reduced bl.jod) curve and labelled Sb ™1ho“’iut.?; un"! “ ' 

V. The Doillt A on the flower) V? : state of venous Mood which Ims been fully reduced 
, * , V I T ' ' in the body at K.Q. - 1. ((’O-. content is 4S i lU 

oxygenated blood curve repre- «? c.c., CO 2 prc.ssure, 70 minr ug.) 

.sents the condition in tlie arterial ^ 

blood. The line drawn from A vi: the sainc, Tu u.g. u-r (coj contenL 4s } i:i ;i- 

X ^ T7' a. + 1 - nr\ j* OJ'Ifc.c. ; (T >2 pn^ssiirc, .55 nim. Ilg.) 

to V represents the UUg dis- ('n,c Une .a corresponds to the JInc aV in Fig. 251 .) 

sociatioii curve of blood in the 

body (when the R.Q. is 1), and the rising COg pressure and CO 2 uptake an? 
associated with a falling O 2 pressure and progressive reduction of the 
haemoglobin. The point represents mixed venous blood at rest (COo 
pressure at 45 mm. Hg + an Og saturation of hremoglobin of 75%). 

Fig. 254 show's the dissociation curves in the body when the R.Q. is 0*7 
(curve AV'), when the R.Q. is 0*85 (curve AV®) and when the R.Q. is 1*0 
(curve AV^). The low'cr the R.Q., the smaller is the additional COg 
uptake and the low^er is the COg tension in completely reduced venous 
blood. 

Fig. 255 (which should lie studied in conjunction with the discussion of 
COg transport (p. 422) shows the various forms in which the extra OOg is taken 
up by the blood when it passes from the arterial point to the completely 


40 45 SO 55 60 65 70 

A COz PRESSURE 

Fio, 254.—Dia.soc'iation Curves in the 
Body at Varj’iiig Values for the Ke.apira- 
tory Quotient. (Modifieii from Douglas 
and Priestley.) 

ThH Figure Is an cnlargixl and ainplificd reproduction 
of the central portion of Fig. 251 (q.p.). 

Upper curve : dissociation curve of Idood tlie ha?ino- 
glohiu of wtdeh is fully reduced. 

Lower curv**: dissociation curve of fully oxygenated 
blood (lt.1 c.c. of (>2 per 100 c.c. blood). 

The arterial point A, is at a CO; pressure of 40 mm. 
Tig on the lower curve. 

V3 • state of venous blood whicli has been fully reduced 
in the boily at K.(L - 1. ((’O: content is 4S i 10 
fi7 c.c.; (’(>2 ])re.ssure, 70 min. Hg.) 

V- : the same, at JUL O-So t<.’02 content is 4.S i 10 
04 c.c,; UOt T>ressiire. o:{ mm. Hg.). 

VI: the .same, iii K.Q. 0-7 ((’Oj contciiL 4S } i:i;i - 
01*11 c.c.; (T >2 pr(!.s.siire, .55 mm. Ilg.) 

{'riic line .AV^ corriwponds to the line AV in Fig. 251.) 
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CO, INTERCHAXOKS IN TISSUES 


reduced venous j)()int at an K.Q. of 0-85 (corresponding to the curve 
AV^ in Fig. 254), i.e. when the rise of COg tension is associated with an equiva¬ 
lent reduction (deoxypenation) of the haBrnoglobin. 

COg Transport in the Body.— (1) Interchanges in the Tissues.— 

(i) Arterial blood reaches the tissues with a COg tension of 40 mm. Hg 
and a COg content of 48 c.c.%. The OOg tension in resting tissues is higher 
(about 46 mm. Hg); COg in Lsolutioii diffuses rapidly into the blood and the 
OOg tension in tin* vt‘nous blood rises (at r(\st) to 46 mm. Hg ; the (Xlg 
content rises to 52 

(ii) The reaction COg + HgO-^-HgCOg takes place slowly in the plasma 
but very rapidly in the corpuscles owing to the presence there of carbonic 



PRESSURE OF C02 IN mm.Hg 


Fjg. 2r»;5.- l.'ptake of COj in Various Forms when the rise of C(\ 'J’ension is 
associated wit h a corresponding l)e-oxvgenation of the Hamiogloiiin 
(K.Q. ^0-85). 

.Art*’rial INiint : 4o rnui. Ily; (’O,^ prrssiin-: ro, miinMit. 4S 

Mixed Venous lllood at rest : 4."» luni, llsi CO? |irV.ssiirc ; CO? < .'>1 s 

Tully Itcduccd Vt nons Jilood (R.0.--n*.s.^): (KJ iiin». I);i pressun-; CO? <'ori(enf, 

04 (■.<•.%. (J)rj«wri i»y erof, David Slouicj 

anhydrase. The amount of HgCO;, in solution (mainly in the corpuscles) is 
increased, and the equilibrium will be disturbed in its favour (Fig. 256). 

(iii) Base passes mainly from the hgemoglobin and slightly from the plasma 
protein; fresh bicarbonate is formed. Simultaneously, however, oxyhaerno- 
globin has yielded up some oxygen and has become partially reduced. It 
has thus become a weaker acid with a feebler hold on base; the HgCOj is 
8 trong:er. Base is therefore taken, mainly from haemoglobin, to form bicarbon- 
ate (Fig. 253). Most of tin* bicarbonate primarily formed in the corpuscles is 
; f secondarily transferred to the plasma (Hamburger shift). 

V (iv) At the same time COg combines directly with the partially reduced 
haemoglobin to form carbamino-haunogiobin (and also with plasma protein) 
(Figs. 252, 255). 

(v) As COg is removed from solution in these various ways, room is made 
for more COg to pass into the blood from the tissues. Venous blood at 
rest takes up about 4 c.c.% of COg. The Table on p. 415 shows in detail 






428 


COa INTERCHANGES IN LUNGS 


the difTerences between arteriaJ and n^stinj? venous blood. The reactions 
involved are summarized in Fig. 256 and the Table below. 

(vi) During fixertion and in tissue 
activity gern'rally, the lf)cal COg 
tension is liigher \i\fj. 60-65 mm. Hg) 
and the venous COg tension is corre- 
spondingly raised. Sinmltaneously 
the oxylj.‘enioglol)i)i is more exten¬ 
sively r(‘cliie(!d. Jijirger amounts of 
base are transferred, mainly frotn 
luemoglobin, and a great increase in 
the bicarbonate formed oceur.s; at 
the saint* time more carbamino-lKemo- 
globin is formed. The venous blootl 
may contain al>out 61 c.c.**^, ('()g 

(chiefly in combination) under thes»‘ 
conditions (tT. Table btdow ami Fig. 

256 for full tletails). The dilatation 
and increase in numbea* of tin* ca])il- 
laries and the otlit'r circulatory changes 
both local and g(‘neral, liel[» the taking 
up of COg in tin* same way as they 
aid tln^ giving olf of oxvgen (cf. 
p. 115). 

(2) Interchanges in the Lungs. —(i) In the lung.s, the venous blood (COg 
tension at rest = 46 nim.) is exposed to an alveolar C().> pressure of 40 mm. 
Hg. Owing to the difference of pressure on the two sides of the membrane, 
COg passes out of the blood into the lungs. The preliminary reaction 
HgCOg-^HgO + COg is catalysed by carbonic anhydrase in the corpuscles. 



Fi o. 2.!>(). — I )iagrani ma tic Represen tat ion 
of COj, Uptake by Blood from Jiest- 
irig Tissues. 



Arterial 

Blood. 

.... 

Resting \'«?nnus 
Blood. 

Fully rediKM^d 

N'enous Blood. 
[R.Q.=0 85] 

COj pressure 

40 nun. 

4.5'4 inm. 

63 nun. 

0 , content 

19 0 e.c. 

15 0 c.c. 

0 c.c;. 

% Saturation of lib 


75 

0 

1 CO, in solution . . | 

2-4 c.c. i 

2-7 c.«-. [ 4 0-31 

3-9 c\c. [4-1-5 ) 

1 Total CO,‘’ii (*11 • 

! 

1 CO, as carbainino-coin- 

48-:{ c.c. 1 

1 

52-1 e.c. l + ;b81 

64-4r 4- 1 -5 in solution 1 

e.c. [^4-14 ()in combinationj 

pounds^o . 

3 0 c.c. 

3-7 c.c. [+0-7 j 

8 0 c.c. [4-5 0] 

CO, as Bicarbonate % 

42-9 c.c. 

45-7 c.c. (+ 2-8] 

52-5 c.c. [4-9-6] 

i 


As prcviou.sly pointed out (p. 367), COg diffuses very rapidly through the pul- 
rnonarv epithelium, so that a pre.ssure difference of 6 mm. Hg is quite sufficient 
to enable the appropriate amounts of COg to be evolved. The COg pressure 
in the alveoli does not rise in spite of the addition of COg, which is being turned 
out from tlie blood, because the breathing is regulated at a level which is 
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suiHcient to wash out as much COj as is coming out from the blood. The 
CO 2 tension in the blood, when arterialized, falls to 40 mm. Hg, i.e, pressure 
oquilibriuni with the alveolar air is attained. The amount of lloCOji in solu¬ 
tion in the blood is therefore diminished and its mass action " is reduced. 

(ii) The blood has meanw'hile become oxygenated ; oxyhsemoglobin is 
formed, which is a stronger acid with a greater avidity for base than reduced 
haemoglobin. The equilibrium is thus disturbed in favour of the proteins 
of the blood. They take base from the bicarbonate and form more hauno- 
globinate (and, slightly, proteinate). The COg which has been deprived of 
its base cannot remain in tlie blood, which already holds as much COj as it 
can in solution, and consequently it must pass out into the lungs. 

(iii) At the same time carbamino-haemoglobin releases its CO.^ owing to 
the simultaneous oxygenation of the haemoglobin. 

(iv) As the bicarbonate of the corpuscles is disintegrated and CO 2 is 
evolved, the Hamburger shift is reversed. Bicarbonate migrates from the 
plasma to the corpuscles ; H 2 CO 3 is formed which gives off its CO 2 owing to 
the action of carbonic anhydrase; chloride returns from the corpuscles to 
the plasma. 

(v) Very little direct evolution of COg from bicarbonate takes place in the 
plasma for two reasons : 

(а) owing to the absence of a potent competing protein ; 

( б ) any H 2 CO 3 formed is further handicapped in giving off its COg because 
of lack of carbonic anhydrase. The liberation of the combined COg of the 
plasma thus takes place in the following stages : 

(a) migration of HCO./ from th<‘ plasma into the corpuscles to unite 
with the available (freed by (.^1' shift) to form KilCO.^ ; 

(b) interaction of KHCO., with oxyluemoglf>bin to liberate llgOO-j ; 

(c) liberation of COg from llgCO-j by carbonic anhydrasj*; 

(d) passage of free COo from the corpuscles back into the plasma and 
thence into the alveoli of the lungs. About 4 c.c. of COg are given off in the 
lungs by 100 c.c. of blood at r(*.st and more during activity. 

Inter-relation of Og and COg Transport. —lieduction of the blood 
increases CO 2 uptake ; conversely, COg uptake helps the expulsion of O 2 from 
the blood, i.e. it shifts the Oj dissociation curve to the right. Oxygenation of 
the blood increases expulsion of (X).,; loss of (Xlg from the blood has, liow- 
ever, little effect on Og U[)tiikc in the lungs. 

Hicmoglobin — Hiein ; (dobin. 

Haun luav l)e repn*s(*nt(*d as For: Fe— (}>p. 171); globiii as 

NH, 


R<^ (to indicate the presence of amino and carboxyl groupings.* 

COOH r -| 


Oxyhiernoglobin = For 
Go and with base (K). 


Reduced hsomoglobiii = Por 


: Fe+^ 0, I^R 
: Fe'^ j^: 


COOK. 


J, i.e. i 


it is combined with 


/NH.COOH-i 


'\ 


COOH 


J, i.e. i 


it has gained 


CO 2 to form a carbamino-compound and has lost both Og and base (K). 


^ Note in the equations that nxyqpv eoml>ine.s witli while is carried hy the 

glMn part of the hjernoglohin molecule. 
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4*25 


The chaii^jes in the tissues can be shown thus : 


CO, + Tor: Fc 


. r >"h.cooh-] 

^O.J KC - ->Por: Fc'*"^ ll/ I O.,^ KHCO,. 

‘L ^COOkJ L MIOOH J 


Decompression Sickness.' --This term is applied to thi*, syiKlronio which 
is ])r()(lueed when thi* external pressure is rapiilly and markedly decreased. 
Th(‘ condition may occur in two sets of* circumstances ; (i) wlnm a hi^li 

external pressure (several atmospheres) is suddenly lowt^rinl to normal ; 
(ii) when a normal exti'rnal pressure is suddenly reduced to a v(?ry low level. 

(1) The first ^j^rouj) to be considered includes dee[) div^ers and workers in 
caissons (steel chambers which are sunk in water and filled with compressed 
air), who are exposed to the (‘fleets of raised atrnos|)heri(! jiressun^. At this 
stage tliere is little discomfort except temporary giddiness and noises in the 
cars. The breathing and pulse 
are slowed and there is frequency 
of micturition. Symptoms appear 
when rapid decompression takes 
place, i.e, when the subject re¬ 
turns to normal atmospheric 
conditions; they may set in 
immediately or after some hours. 

The common symptoms are: 
pain in the limbs which cause 
the victim to double up in 
anguish (tlu*. *' bends ") and a 
choking s«msation (the “ chokes'). Fm. —XiM vous SystcMii in Opcompression 

In s(*ven* ca.ses there is (extensive Sickness (Coinprcssi^fJ Air Sickness, Caisson 



})aralysis, c./;. from the waist 
downwards. There may be signs 
of circulat'Orv failure and cvaii- 


Diseaso). 

This shows the distribution of the (tas bubbles wiiich are 
formed in the spina) cord during decompression. 
(Haldane and I'riestley, RettpiriUion, 


osis : in V(‘rv bad cases dt^atli may occur in a few minukis. 


These symptoms can be readily accounted for. lJnd(*r high atmos{)h(iric 
pressure, excess nitrogen (and oxyg<*n) an? taken up in solution. On rapidly 
reducing tin* pressure, nitrogen is evolv(*d from solution and aggn'gates into 
bubbles ; tlit* mechanism of bubble formation is obscure. Tin? volume of 


gas evolv(*d in any region depends on the soliiliility of the gas in the tissu(‘. 
Nitrogi'ii is about five times as soluble in fats adipose tissue and lipoids 
of tin* c(‘ntral nervous system and peripheral n('rv(?s), as in water. Wherever 
bubbles apjiear they tear the local tissue, })r(»ss on or damage nerves, or blocik 
small blood vessels. The Ixmds are ])robably due to damage to tissues 
surrounding tin* joints. In severe cases, bubbles form in the central nervous 
system, espcxhally in the spinal cord at tlie junction of the white and grey 
matter (Fig. 2r)7) ; it is thought that general circulatory failure is caused by 
biilibles accumulating in the blood in the heart, the resulting frothing pn?- 
venting the expulsion of the lilood from the ventricles into the great vessels, 
l^ibbles may also ajipear in the cerebrosjiinal fluid, tin? juessiire of wliieli may 
rise by some 3 cm. ILjO. The excess oxyg(>ii which is (evolved is used by the 
tissues and causes no trouble. 
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Tt) prevent the onset of the syniptoins the ])ressure in the caisson must 
be redueetl in stages to enable tlie dissolved nitrogen to 1)0 gradually given 
off. If symptoms appear, [(‘compression must l)e earritd out at once. 

The syndrom(‘ deseiilx'd above, as it occurs in caisson vvork(‘rs, is often 
called (Y/moa d/.sca.sc or coitt jtressed air .s*/cX*ac.v.s-, although, as already explaimMl 
it is not the compression but the decompression which causes the trouble. 

(2) Tin* second group iuchides : 

(i) Aviators who ascend very rapidly from sea. level to a great ln*ight ; 
in conseijiienct* the nilrogen normally ])n‘st‘nt in the body fluids is tnolved 
from solution. If tln‘y breathe oxygen for 31 hours before the as(a*nt, they 
call eliminate most of this nitrogen via tlic lungs. They can subs(apiently 
ascend at a rat<^ of 5fMK) feet p(*r minute to 37,000 f(*et without sliovving 
symptoms of de<ronipression sickiu'ss. 

(ii) Subjects who are (*xperinu‘Utally ex[)used to a low ])ressure in a 
dec<) m pr« *ssi on chain be r. 

(iii) ^(‘ople hying at great ln‘ights in aircuaft with jiressurizcd cabins ; 
if the cabin bursts they an* instantam‘uusly exposed to extremely low jiressures 
(“ explosive dccom])nissioii '). in this group the symptoms are due to anoxia 
combiin^d with the effects of decomj)rt*ssion. 

Nitrogen Poisoning.- -\Vln‘n air is breat bed at. S’o 10 atmospln‘rcs pressure, 
signs of mental diiterioration .set in rapidly owing to lln^ narcotic action of 
nitrogen at these jiressuns: tie* symptoms an* not j)]oduced by mixtures of 
oxygen+helium at the same jiressure. 


SKELETAL MLSLLE.^ Ml’SfTd.AK EXERCISE 

Constituents of Muscle. -The }>rincij>al constituents of skeletal muscle 
are : 

(i) ^¥ater, about 

(ii) Protein (17'^,o)» chietly mgo.sin and aetin : these two proteins acting 
together {avto-nnjoi^in) are Ijelieved to lx* the contiactile (‘lements, tlie change 
in the configuration or in the arrangement of the inoleeuh's lx*ing responsibh* 
for muscular contraetion or n-laxation, Associat(‘d wit h myosin is an enzyme, 
adenosine tri[)hosphatase (ATP-asr) which acts on adenosine /r/phos|)hat(‘ 
(ATP) breaking it down to adenosine f//])liospliate (AI)l^). Th(‘re are many 
other jirotein «*nzyines and tlH‘ir organic (non-j)rot(*iri) c(x‘nzynics in niiisch* 
(as in all other tissues) which ari* n?sponsif)lc for tin* many complex chemical 
transformations that take j>lace there. 

(iii) (ilgcogen (in eoneeiitrations uj> to l‘^„) re])re.sents a r(*adily available 
reserve of energy that is called upon during muscular activity. It cannot 
be directly transformed into bhxxl sugar ami is not titilizable for the relief 
of hypoglyciemia. During its l)reakdown (“ dissimilation ”) it gives rise to 
numerous intermediaries, many of them combined with phos})iiate, as 
detailed on p. .S4t). ■Muscle can also utilize the ketone, bodies rcacliing ii in 
the blood (fioin tlie liver) as a, sourct; of emugy. Otlu*!* undetermined substrates 
may also be used. 

^ Barer {Striieliin* of Miisi.le liJxe), liiol. Jitfv., 1948, lol). Symposium on 1\'1 iiHciilar 
Contraction, Ann. A.)’. Acad. ScL, 1947, 47, Ii05 980 (iiicliiding Dynamics, l/ltra- 
Btructure, Chemisiry, .Mechano-c.hemical (>)U])liiig). MommaertH, Muscular CoyUraction, 
N.Y., 1950, Szent-Gyorgyi. Vhtmislry of Muscular Conlraciion, 2ncJ cdn., N.Y., 1951. 
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(iv) Admosme triphosphate (ATP) : as illustratod in Fif£. 555, two of the 
three phosphate bonds ani high-cMier^ry pliospiiate bonds (indicated by the 
symbol -^ph). ATP is the immediate source of energy of niuscular activity ; 
one of its two high-energy phosphate bonds is raj)idly split off by the enzyme 
ATP-ase leaving A DP. 

(v) Creatine phosphate (averagf^ concentration 0*5%) : its one |)hosphate 
group also carries a high-energy bond ; this substance thus serves as a 
convenient storehouse of (mergy which is called upon when necessarv to reform 
ATfMrom ADP (p. S45). 

(vi) There are a number of specific muscle constituents to which no 
function has as y(*t been assigned ; a striking exam])le is carnosiae (/>-alanyl- 
histidine). 

Cause of Muscular Contraction and Relaxation. ^—The arrival of a 
nerve imjudse at the motor end-plate releases acetylcholine (p. 513) which 
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Left (A): in fully n*laxt*d roDditiun. 

IliKlit (U): in cuutraotod (.shorfriu'd) state, 
a - Amino-a<'i<l side ehains. 

in turn sets uj) the end-plate potential (j). 512). When this attains a critical 
magnitude it sets up in the muscle fibre a. pro|)agated action j)otential which 
is followed by mechanical and chemical changes. Mus(*ular contraction may 
be isometric (development of tension without shortening) or isotonic (develoj>- 
rnent of tension plus shortening) ; contraction is followed by relaxation. 
The mechanical chang(*s are due primarily to alterations in the state of the 
two proteins, myosin and actin (acto-myosin). Thus acto-rnyosin has been 
extracted from muscle in the form of tlireads which in vitro can be made to 
contract by adding ATP to a nuMliuni containing a suitable concentration of 
Mg++ or ions. Contraction may be due to an alteration in the configura¬ 
tion of the protein molecules, e.g. the amino-acid groups may become folded 
up on themselves as shown in Fig. 258 ; alternatively, it has been suggested 
that the protein molecules are dispersed in the relaxed state and become 
closely packed together and interlocked during contraction. 

Two views have been expressed about the nature of muscular activity ; 

(i) That muscular relaxation is the active phase of the cycle. The state 
^ SympoBium, HiU et at., Proc, roy. Soc, H,, 1950, 137, 40. Hill, ibid,, 268. 
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determining the exact time 
of heat and of tension in 


of the relaxed nnisclo is likened to a pulled out taut spring; energy must 
be applied to produce and maintain this condition. Contraction is attributed 

to an undefined agent 
which permits the spring ” 
” to recoil. The potential 

energy which was stored by 
the muscle during ‘‘ relaxa- 
-75 u tion’’ is expended during the 
1 j I succeeding contraction in 

I varying proportions as work 

/J and heat. On this hypothesis 

ij -25 heat could be liberated during 

\j and after contraction but not 

0 ^--^- - -jj|-i-j'» before it. 

tim* nrt«r ahook (MO.) (u) That musculai con- 

Fro. 258a.— Time Relation between Heat Production traction is the active phase 
and Development of Tension. (Hill, Proc. roy. of the cycle. Un this 
Soc, B,, 1950, 137, 269.) hypothesis some chemical 

Tortoise muscle at 0*=* C. Abscissa: time after stimulus—shock changes OCCUT first which 
In seconds. Ordinate: left, heat evolved in miUlcalorles 

per g.; right, tension in g. release energy that is used 

in causing development of 
tension or ^shortening. If this view is correct heat might be evolved in 
stimulated muscle before the rise of tension. 

The decisivi*. experiment consists in determining the exact time 
relationship between the first appearance of heat and of tension in 
stimulated muscle. Observations 

have been made on stimulated ENERGY FOR 

tortoise muscle cooled to 0*^ C. in ^ ^ MUSCULAR 

which the course of events is greatly GLYC )GEN CONTRACTION J 

slowed down and thus more readily / 

followed. It is found that tlie evolu- GLUCOSE - 
tion of heat begins before the -.-►T 

mechanical res])Oiise indicating v T 

that muscular contraction is the T ^ PYRUVIC y/ ADP \ 

active phasf? of the cvcle (Fig. ^ ^ / / \ 

258a). " / / I 

Chemical and Energy ketone bodies / ! ! 

Changes associated with / \ creatine ' 

Muscular Activity. -These other _^ \phosphate/ 

are worth studying for their SUBSTRATES 
own sake, though as has been ,, | 

emphasized their relationship to CO2+H2O CREATINE 

muscular activity is obscure.^ ,, ^ 

Some of the reactions to be MuHcular Activity, 

described occur as readily in the diphosphate, adenosine 

absence ol oxygen (anwrobimlly) triphosphate, 

as they do in the pre^sence of 

oxygen ((rrobieally) ; others can only take place in the prestmee, of 
oxygen. 

^ Hill, “A Challenge to Biochcmists," Hiochem, Bif>phys» Acta, 1950, 4, 4. 
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The following are the principal known c]ieriiic?al reactioriH associated with 
muscular activity (Fig. 259) : ^ 

(1) Adenosine TRmrosi»nATE (ATP)-vAi)Enosine Diimiosphate (.\DP). 
—The initial event is the breakdown of adenosine triphosphate (ATP) to the 
diphosphate (ADP). The specihc enzyme involved is adenosine triphosphatase 
(ATP-ase) which is found in association with myosin ; high-energy ]jhosf)hate 
bonds ('^})h) are released (p. 813). 

ATP-H^ADP+rwph. 

The abov(^ reaction provides “ bond energy ” which is in some unexplained 
w'ay responsible for contraction. This reaction can occur anoLTobically. 

(2) Breakdown of Creatine Phosphate.- The next event is the 
breakdown of creatine phosphate to yield creatine and a high-energy phosphate 
bond. The latter is applied to ADP, steadily rebuilding it into the* higher 
energy state of ATP, thus : 

Creatine Phosphate—>-Creatine -r -^pli. 

--ph+ADP-vATP 

This reaction can occur anauobically ([). 893). 

As a result of reactions (1) and (2) adenosine triphosphate is always 
available to supply energy for rnuscnlar activity until all the creatine 
phosphate has been finally broken down to creatine. 

(3) Breakdown of Muscle Glycogen.— The stages in the breakdown 
of muscle glycogen (and of the glucose taken up by the muscle from tlie 
blood) are fully described on p. 846. At various stages in the “ dissimilation 
process, more high-energy ])hosphate bonds are generated which serve to 
restore creatine to creatine phosphate. Thus : 

Glycogen-->lower intermediaries |-^ph (as ATP) 

^j )h d - Creatin e->Creatine Ph ospha te. 

Under ancvrobic conditions, glycogen breaks down as far as pyruvic acid, 
which acts as an “ intermediate hydrogen acce])tor,’' i.e. it takes up hydrogen 
from reduced coenzynic-1 (Co-I.2H) produced in an earlier reaction, and 
becomes lactic acid (cf. p. 849), e,g, 

CH3CO.COOH-bCo-I.211->OH.,CH(OH)COOH-f-Co-T 

(Pyruvic acid) (Lactic acid) 

It is clear, therefore, that skeletal muscle can function normally, i.e, 
contract and relax, for some time in the complete absence* of oxygen. 
Fatigue, however, sets in rapidly. 

Lactic Acid, —(i) If isolated muscle is stimulated to fatigue in an atmos¬ 
phere of nitrogen (anaerobically) lactic acid may accumulate up to con¬ 
centrations of about 0*4% and equivalent amounts of glycogen disappear. 

(ii) It must also be emphasized that in the intact person when the muscles 
are contracting maxitnally under conditions of natural blood flow, the oxygen 
supplies (though enormous) cannot be increased to the full extent demanded 
by the work of the muscle ; in these conditions (in one sense aerobic, but in 
relation to need, really anaerobic) lactic acid likewise accumulates in the 

* Consult ]>p. 839-S5r>. But ‘‘ 1 pass slightly ; I am not fond of repeating words like 
a parrot.” (Oibi)on.) 
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muscles and diffuses out into the circulation and througliout the body tluids. 
In the liver (and |>erhaps in the heart) it is reoxidized to pyruvic acid ; it 
thus re-enters the citric acid cycle and is subsetpnuitly reconverted into 
glycogen or glucose. 

(iii) If isolated muscle which has been fatigued an.'crobically is exposed 
to an atmosphere of oj'tfgen, the lactic acid is reconverted into pyruvic which 
enters the Krebs cycle (p. Sol) and is broken down finally to (X )2 and water, 
rtdeasing additional en(*rgy which is available lor restoring ATP a.?id creatiiie 
pliospliate ; the ])reakilown of ATP to ADP rtdeases the energy which directly 
drives ” the muscle. It is clear, thendbre, that isolated muscle can perform 
a greater total amount of work under aerobic than under anaerobic conditions. 
Similarly in the body, the maximal available oxygen supplies set an upper 
limit to the amount of work that can be don<‘ in a given time (cf. j). 439, when* 
the “ oxygen debt *’ is considered). 

(4) Other Chfmic.al He actions. —(Virbohydrate is not the only food¬ 
stuff available for muscular work. There is evidence that muscle caii 
“ dissimilate ” ketones (deriv’ed from fats) and other undetermined substrates. 
It is a matter of indiflereiu‘e to the muscle what the remote sources of energy 
are so long as that (Uiergy can “ feed ” and maintain the ATP mechanism. 
Thus either glycogen (or glucose) or fat (as ketones) or both can serve as 
the more remote sources of energy for muscular activity, ({lycogen has the 
advantage over fat that it is stored in the muscle during periods of rest in 
considerable quantities and can be inimciHahiff used, while fat may have 
to be mobilized from the depots and always has to be broken down in the 
liver to ketones before it can be used by the muscle.’ 

When muscular activity comes to an end, energy continues to b<‘ released 
from foodstuffs : (i) to recombine all the creatine with phosphate groups to 
reform the energy reserve of creatine phosphate ; (ii) t o rebuild glucose takim 
up from the blood to the higher euergg Jerel and the hisoluble^ storable form 
of glycogen. The muscle is then fully charged u|> for future activity. 

The respiralorg quotient of isolated muscle is less than unity suggesting 
that even under these conditions substrates in addition to carbohydrates 
are undergoing oxidative “ dissimilation.” 

Changes of H ' Ion Concentration During Muscular Activity. —The 
hydrolysis of creatine phosphate yields creatine (which contains the highly 
basic substance guanidine), and a weak avid^ phosj)horic. acid. The amerobic 
oxidation of glycogen gives rise to lactic acid. When stinjulated under 
ana?robic conditions, muscle becomes first more, alkaline, presumably because 
of the considerable formation of creatine ; later the rc;action becomes more 
acid as more lactic acid appears. These observations jirove that the change in 
H+ ion concentration in the muscle cannot be an essential causal factor in the 
mechanism of contraction. 

^ Hill ha.s inenHured the oHrnoiit? presRure of muselc under various eonditiouR. UeHtiiiji 
frog's muscle has an osmotic pressure equivalent to that of a 0-72% NaCH solution. If the 
muscle is stimulated in an atmos])hero of nitrogen the osmotic pressure increases pro¬ 
portionally to the energy liberated ; in utterly fatigued nius(;le the osmotic pressure may 
be equivalent to that of a 1 *07% NaCl solution, i.c. there has betiii a r>0% increase in the 
number of osmotiruilly active particles in the muscle. After every allowance has V>een 
made, the known eheuiieal reactions are said to account for not more than 75% of the 
measured increase in osmotic pressure. Hill c;onelude.s that f)ther unknown r<*aet ions of 
(.‘onsiderable magnitude must be taking place during activity. 
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Fatigue. —Tlie cause of fiitij^uc in directly stimulated isolated rnuscle is 
unknown. Fatigue resulting from stimulution of the n(!rv(; of a nerve-muscle 
prc])aration is due to some (diang<^ at the*, motor n(*rve (uidiiigs. possibly 
failure of the mechanism normally concerned with the release, of the trans¬ 
mitter, acetylcholine (p. ol'j). The fatigue of muscular exercise in man is 
considered on p. 

Heat Production in Muscle.^ If a muscle is stimulated to contract 
imniHrimUy, i.e. by |)ulling against a s})ring which it cannot overcome, the 
length of the tilires retnains nnalt<'red, l)nt the tension in the muscle increases. 
All the energy of the clHunicai changes is cunvm-ted into heat, whicli can l)e 
ineasur(‘d by m(*ans of a s<‘nsit.ivc thcrmoj)ilc. 

If the muscle is stinmlat<‘d isom(‘trically in the abseiu'e of oxygen (mtfr- 
roblcallff), heat is evolved. Sonic is cvoIvcmI during the twitch, as shown in 
Fig. ‘ioSA ; this constitnti's tlH‘ lulllal hrai. A further much smaller amount 
is liberated for 1 2 minutes after the bout nf ;ietivity is over, tln^ so-ealled 
(tiurrohic tirla/ff'd hrnf. If the niusele is stimulate<l in tin* presencj* of oxygen 
((vmhiralhf) the, initial hejjt (during the twit eh) is identieal in amount with 
that lib(‘Tated nmler an.erobie eonditimis: hut now a lai’ge amount (»f h(‘at 
is also lih(?rat<‘d after tin* end of e<.»nt.raetion-relaxation. the tuidittirv <lel(u/(^il 
heat, 'riiese facts are expn*sse<l roughly <juantitali\ely in the following 
Table (heat values are in arhitrary units) : 



Initial lical. j Delayed Jleat. 

1 

Oxygen absent 

3 I 0 1 

1 

Oxygen present . . j 

i 3 i 3 j 

. !._J 


The course of ln*at production during isometric eoniraction followed by 
relaxation is well seen in Fig. ‘ibSA. The heat is derive.d from tlie energy 
liberatcal by the chemical chang(\s detailed on pp. 428 ef setf. (Tlie efiects 
of this liberated heat on body (cnrprrnfare are dealt with on p. 471.) 

Work of Muscle. —When a muscle contracts isotohirally, i.e. when it is 
permitted to shorten and move a weight, work is done. Tlie jiossible mechan¬ 
ism responsible for the development of tension or of shortening was considered 
on p. 427. 

energy converted into work 
total energy liberated 
efficiency. In the case of isolaterl muscle under optimum conditions about 
40% of the total energy of the chemical changes which occur is converted 
into work. 

In the liurnan subject lower figures arc olitainod : in an athlete the 
mechanical efficiency is about 25-30% ; in an untrained person, it is 20 -30%. 
With each kind of work there is an optimum rate of contraction at which the 
movement is carried out with a maximum efficiency (cf. Fig. 2b5 and p. 442). 

> Hill, Proc. roy. Sttr. H.. 1949, i:i6, l!15-254. 


Tlie ratio 


represents th(^ mechanical 
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Circulatory Changes in Muscular Exercise.^—1. Local Changes in 
Active Muscle. —Tho. circulatory arljustincnts in human muscles resulting 
from /oca? activity can be determined by studying the volume and blood flow 
changes in tlie foreanr) (wlncli is 85% muscle) during and after clencliing the 
fist for varying periods and for a varying number of times. 

(1) Blood Contkxt Ciianoks.- As the volume of muscle fibres is not 
decreased during contraction, any change in the volume of a muscle (recorded 
with the ])lethysmograph) must he due to alterations in its rovicht of blood 
(or interstitial fluid). Muscle volume chang(‘s thus reflect cJianges (active or 
passive) in the calibre of the musch* vessels : they do not measure variations 



Fio. 260.—Efl’ect of CJcnthiDg Fist on (/ir( a la lion in Ktjnarin. ((.frant, ('Un. Sci., J‘J3S, ,'i.) 

A. f'oroarm volume chanjics iiaMsuml by sirn]>U‘ ])letliytfinoi,'rapliy. Stroup: flst-clemli iiiniiitaincd for 
GO nee. (signal lino, oxercisc). Tiiiw. in 10 nee. 

a. t'orearm blood JUm' (in <*.c./IOO of ror«*arni voIhiih-) iii«*asiirc<l by '* on-liision |»lrlbysnu»}:rai)liy.” 
C--stroni: ch'iK’b of list iiiulntaincil for min. Tiim* in minutt'S. Sliubt im-n asc in Idood How rliiring 
fontraction ; marked and siistuiut'd incri-asw in Idooil How afli*r the rontraclion is ovrr, 

in the blood flow through the muscle wliie.h imisf lx* ind(‘pendeiitly 
determined. Fig. 2f)0, A shows tliat wdien the musck.vs contract, the vohme 
of the for(*arni initially decri'ases : this is diui to compression of the intra¬ 
muscular veins and exjiulsiou of their blood centri[)etally. If the contraction 
is maintained the voluim* of the forearm j)rogressiv(dy increases ; this is dm*, 
to dilatation of arterioles and capillaries taking ])hice owing to the action 
of locally formed products of metabolism (metabolites) and in s])ite of the 
liandicap of raised muscular tension. AVhen the muscles an; relaxed their 
volume rises further, displaying the full vasodilatation which is now unimpeded 
by external compression. If the contractiems are repeated several times 
(Fig. 261) it is found that each contraction temporarily dirninislies the muscle 
volume (f.c. blood vessel calibre) to some extent; the volume mounts pro¬ 
gressively, however, during each interval of relaxation, demonstrating tliat 
local vasodilatation is becoming progressively greater. 

(2) Blood Flow Chances. —The resting blood Jlmv in human muscle is 
very low, i.e. 1-4 c.c. per 100 c.c. of muscle. During a brief period of 

^ Bainbridgc (t*<l. Bock and Dill), Physiology of Muscular Exercise^ London, 1931. 
Schneider, Physiology of Muscular Exercise^ London, 1933. 
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sustained contraetion it may rise comparatively little ; but during the sub- 
se(|uent relaxation it increases markedly (Fig. 260, B). These experiments 
show clearly that broadly 8j)eaking (as in heart muscle, p. 238) the skeletal 
muscle veins are emptied during contraction and that the arteries and veins 
fill during relaxation. The arterioles are dilated to a degree which is pro¬ 
portional to the severity and duration of the activity, the full measure of 
dilatation being manifest immediately activity comes to an end. Fig. 262 
shows, for example, that after exercise of 4 minutes’ duration the blood flow 
may be 33 c.c. per 100 c.c. of arm per minute, equivalent in this example to 
30 times the resting value. The vasodilatation and high blood flow subside 
comj)aratively slowly, and 10-15 minutes may elapse before resting conditions 
are restored. This implies that the metabolites released during activity are 
relatively stable and are re¬ 
moved (or locally disposed of) 
very gradually. The vascular 
changes described are not 
significantly modified by de¬ 
priving the limb of its 
sympathetic nerve supply; 
nervous factors obviously play 
little ])art in the local cir¬ 
culatory adjustments so far 
discussed. It is clear that it 
is easier to adjust local blood 

flow to local needs during . 

r//////rwmthan in^‘/flf/./crnu My. -oi.- KiJcct of repeated brief Fist-CIenchings 

activity. on Forearm Circulation. (Grant, Clin, Sci,, 

8ucli local adjustments can 

deal adpou'itelv with the iieerk Forearm volume rhanBeRmeaaurrd by simple plethyuinography. 
ucai aaequ.ll.tJ\ W irai I-m mxas C-^dench list for lO sec. Time in 10 see. 

of small masses of contracting 

muscle ; the weight of the forearm muscles is about 5(X) g., so that the 
highest blood flow recorded in Fig. 262 represents a total flovr of only 
150 c.c. per minute, ^vbich is a small drain on a total cardiac output of 
r)(X)0 c.c. Wlien the muscular activity is very ividrspread and of maximal 
violence the local vasodilatation may be greater and anyway involves 
a fiir greater total blood flow. To take an extreme case : a blood flow 
of 30 c.c. per 100 g. to tlie entire muscle mass of 40 kg. (in man) represents 
12,000 c.c. of blood flow per minute. To achieve muscle blood flows of this 
order of magnitude, widespread circulatory adjustments are needed. 

2. General Circulatory Reactions. —The principal circulatory reactions 
may be thus summarized : 

(1) Venous Return. —There is a greatly increased venous return which 
is due to : (i) vigorous muscular contractions, aided by the valv(*s in the 
veins ; (ii) increased depth and frequency of respiration ; (iii) rise of capillary 
and venous pressure which is in part due to arteriolar dilatation. 

(2) Increased Cardiac Output (cf. p. 279).—The increased venous 
return is disposed of by a greatly increased cardiac output (on the right side) 
which is brought about as follows : 

(i) By an increase in the rate of the heart to 150 or over per minute 
owing to: 
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(a) Impulses from the higher centres. 

(/)) Venous reHex, set up as a, result of the raised pressure in the great 
veins (p. 272) ; tliis is probably the principal factor concerned and increases 
the heart rate in proportion to the rise in venous return. 

(c) Rise of C’Oo tension act 
ing directly (and rellexly) on 
the cardiac centre (p. 274 and 
Fig. ISl). 

(fl) Rise of temperature 
acting on the cardiac, centre 
and the si no-auricular node 
(p. 274). 

(ii) lly an increase in the 
output I'er beat (the stroke 
volume) up to })erha.})s 200 
e.c.; the greater veimus tilling 
produces a gn*at('r strt4ch of 
the heart miisch* lihres at. the 
beginning of systole (p. 27r»). 

Th(‘ cardiac output may 
roach ‘>0 or even 40 litn‘S [)er 
minute, ic. it is increased 
sixfold or mure. 

(:]) The Lkkt SioK or thk 
llEAin’ receives the whole of 
the right cardiac output, and 
its output is (‘(jually increased. 

(4) REDISTlUliUTIOX Ol* 
n t . , THE Rlooj).—T he blood is 

U I -j. I I 11 -f I" ■ I '1 I I I* •! I 1 

‘/i ] VA 2 i A 5 7 9 n 15 15 redistriiHited so that a greater 

Minutrs after end of Exercise proportion is Sent to th(‘ 

Fio. 26l». -Arm Blood Flow following Exercise, active regions. The arterioles 
(J.)rawn from data of Grant, Clin. Sri., UK18, of tlu* splanchnic area and 

skin are hiitially contracted. 

Blood ilow meftsureil by " ori Uwoii phdhysnioKniphy.” Mfirwl ivj divi*rtod 

Limb volume*, 700 r.r. Inithd bloo<I flow, o-li I-4 0100(1 IS (m( rU( 

c.(‘./ioo c.r. Exf-n isc roiisiswd or Ktrona iist-('k‘urb lor luamly to the muscles and 

05 9i*c., followed by iuttTval of I sir. Duration of period i 4.1 1 1 

of exenust*! (siliowii ou eju-h curvfO : 5'", tiO", 40", 4 min. tn^ait. ( V\ iKUl tllC hOU V tClU- 

[)(‘rature riscis in violent exer¬ 
cise the skin vesse.ls are dilated again to facilitat(‘ heat loss (cf. p. 171).) The 
redistrihution is elTectcd as follows : 

(i) The vasomotor centre is stimulated by (a) imjudses from the liigln'r 
centres ; (6) perhaps reflexly from the active muscles ; (r) by the increased 
CO 2 tension (p. 309). It will be recalled that the vasomotor fibres jtass chiefly 
to the splanchnic and cutaneous arterioles, 

(ii) Peripherallu, (a) melaboliUs are the main factors involved and they 
dilate the arterioles in the muscles (p. 433) ; (h) wlrenalinCy which is secreted 
in times of stres.s (p. 731), constricts the arterioles wdiich have a marked vaso¬ 
motor supply (skin and splanchnic area) and directly dilates muscle vessels. 

The blood flow to the hram is perhaps increased as it is chiefly dependent 
on the general level of blood pressure, which is raised. The blood supply 


'/i ] VA 2 i A 5 7 9 11 15 t5 

Minutrs after end of Exercise 
tTo. 262. -Arm Blood Flow following Exercise. 
(J.)rawn from data of Grant, Clin. Sri., UK18, 
J, 168.) 

Blood flow meftsureil by " ot^i-Ui.-^ioii plrtbysmoKniphy.” 
Limb voliimt*, 700 r.r. Inithii rfsUntr blootl flow, (Hi 1-4 
c.(‘./l(X» c.c. Exf-n-isc (■.oiisist«:‘d of Ktroim llst-cknrb lOr 
0’5 9i*c., followft<J by iiitiTval of | sir. Dunitioii of pj-riod 
of exer<?ist^ (shown on ♦•ju-h curvfO : 5", 20", 40", 4 min. 



H;i:M0UESPlHA1'01iY CHANGES IN EXERCISE 135 

to the hemt is eriorniously increased for reasons discussed in detail on 

p. 

The entire circulatory system is coordinated to one main end, i,e. to 
increase as far as possible the blood flow through the active tissues, 'i'his 
result is attained by the nice cooperation of a large number of factors : the 
respiratory and muscular “ venous pumps,’’ the heart, the vasomotor nerves, 
and periplierally acting chemical dilator agents. 

(5) -Bj.ood Prkssuiu*:.—T he hlood prf*s,mre rises, e.cf. to 160 or 180 mm. 
Hg. As the output of the heart iruM-eases threefold or even sixfold, one would 
expect the blood pressure to rise in the same proportion. The fact that the 
observed rise of blood pressure is relatively small shows that the total peri¬ 
pheral resistanai in exercise is decreased, i.e. the dilatation of the muscle 
vessels far outweighs the constriction of the splanchnic area and skin. 

(6) Capillaries. —The muscle capillaries are dilated, and many which 
were previously closed become patent owing to the action of metabolites 
(p. »i20). This docs not alU'r the volume of blood flowing through the muscle 
in unit time, but it dccn‘iiscs the liiu‘ar velocity and, as has b(‘cn ])ointed out 
{]). 413), this provides more time for tiie all-im})ortant gaseous interchtinge.s 
between tlie blood and the tisNU<*s. 

Hasmo-Respiratory Changes. —The principal points to be considered 
are ; (i) pulmonary ventilation ; (ii) oxygen consumption ; (hi) COg output; 

(iv) ratio of COg output/Og consumption, t.e. the respiratory quotient; 

(v) changes in the blood, especially its reaction and gas-carrying properties. 
The changes must be reviewed (i) in moderate and in very severe exercise, and 
(ii) during the exercise and after it has come to an end. We will further 
have to consider broadly how the vast amounts of oxygen which are needed 
by the active muscles are supplied to them and how the COj formed is 
removed and finally expelled frcmi the lungs. 

Th(‘. size of the respiratory jiroblem is indicated by the following data : 
the Og consumption in severe (‘xercise may be raised from 250 c.c. to 4000 c.c. 
per minute (i.e. sixteenfohl) ; the COg output in some phaf?es of violent 
exercise may go up frtun 200 c.e. per minute to nearly 10,(XX) e.c. (i.e. about 
fiftyfold). 

Varieties of Exercise. —(1) The term “very severe exercise” is used 
with reference to muscular activity which by reason of its severity can only 
be kept up for a very short time ; examples of this are a 100-yarda or quarter- 
mile race at top speed ; at the end of such a race the runner is completely 
exhausted. From the physiological point of view the characteristic feature 
of this form of exercise is the inability of the haemo-respiratory systems to 
supply the muscles during the period of exercise with all the oxygen they 
rc(|uirf for their tremendous l(»vel of aetivity. A so-called oxi/gev debt is 
incurred (p. 439), i.e. a large volume of oxygen has to be absorbed after the 
exercise is over to dispose of metabolites which accumulated in the muscles 
during activity because of their relatively anoxic state. 

(2) “ Moderate exercise ” is of a kind that can be kept up for long periods, 
e.g. vigorous walking at 5 miles per hour or steady running. Such exercise 
may involve a considerable measure of exertion and necessitate extensive 
hsemo-respiratory adjustments. Its outstanding physiological feature is the 
ability of the body to supply the active muscles with practically all the 
oxygen that they require imniediafelg it is wanted and to a degree which is 
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proportiojial to the level of activity. These points an* further discussed 
below. 

Mktabolu’ Studies ox Kxkucise in Max.* The reslinj^ oxygen con¬ 
sumption and the (Hlo out{)ut are first determined by means of the Douglas 
bag technique. The ex])ired air is then collected duriuij and after exercise, 
and the gaseous exchanges again deterinin(*d. The metabolism over and 
above the restirig level <^an thus be calculated, and is termed the ejcvesis 
ynetabolisni of exercise. 

Moderate Exercise.— (1) Pulmonary Ventilation.— The pulmonary 
ventilation is increased to a degree which is proportional to the severity of 
the exercise. Thus when walking at 2, 3, 4, and 5 miles per hour the pul¬ 
monary ventilation rose to 18*6, 24*8, 29*0, and 60*9 litres per minute respec- 

___ tively (p. 405). The increased 

breathing is brought about by 
appropriate stimulation of the 
respiratory centre : 

(i) by impulses from the 
higher centres produced 
by the emotional ten¬ 
sion before the exercise 
begins; 

(ii) by the raised COg tension 
of the blood; 

(iii) by any rise of body 
temperature that may 
occur; 

(iv) reflexly from the engorged 
great veins and from 
the active muscles them¬ 
selves. 

Very little lactic acid accumu¬ 
lates in the blood, as it is disposed 
of in the muscles and other 
organs about as rapidly as it is 
being formed ; arterial anoxia does not develop, as the blood flowing through 
the lungs is adequately oxygenated. The ion concentration of the blood 
only rises slightly from HgCO^ retention. 

The most important single factor controlling respiration is the rise of 
COg tension; the ventilation increases in direct proportion to the severity 
of the work performed. After the exercise is over the breathing rapidly 
settles down to the resting level as the excess COj is eliminated. 

(2) Oxygen CJonsumption. —This is increased in proportion to the 
severity of the exercise. Thus when walking at 2, 3, 4, and 5 miles per hour 
the Oj consumption rose to 780,1065,1595, and 2543 c.c. per minute. Fig. 263 
shows that in running at 7, 7*5, and 10 miles per hour the Og intake rises 
gradually, reaches its peak after about 2 minutes, and then remains steadily 
at this high level; at 10 miles per hour the Og intake per minute was 3*6 litres 
per minute. It is convenient to consider here the means by which most of 

* Hill, Mmcular Movement in .Man, London, 1927. Grodins, Phymot. Her., 1950, HO, 
220. Gemmill, ibid., 1942, 22, 32. Comroe, ibid., 1944, 24, 319. 
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level (litres jier minute). 
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maximum steady value after about 2 minutes. 
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this enormous amount of oxyjren is supplied to the active muscles. The main 
reactions concerned arc as follows : 

(i) lirenihiriff.—The increase in pulmonary ventilation already described 
introduces larfje amounts of fresh air and oxy^nm into the lungs (and drives 
out COg). 

(ii) Og Vptale in the -Large amounts of oxygen are taken up 

frt)m the lungs by the blood. 

(а) The mixed venous blood arrives at the lungs in a more reduc(^d form. 

Normally at rest the venous oxygen content is 14 c.c.%, the amount taken 
u[) from the alveolar air is 5 c,c,% and the arterial oxygen content is 19 c.c.%. 
In liard work the venous blood may contain 7 or even as little as .‘1 c.c.% ; in 
becoming normally arterialized it*takes up 12-1() (cf. p. 413). The 

oxygen intake may by this means alone increase more than threefold. 

(б) The cardiac output is also increased about fourfold or more {e,g, up to 
30 litres per minute (pp. 279, 433)). 

The oxygen uptake in the lungs may in these ways be increased to the 
requisite amount, e.g. sixteenfold (from 0*25 litre to 4 litres per minute). 

(iii) Supply of Oxygen to the Tissues ,—A great blood supply (and therefore 
oxygen supply) to the muscles results from the large left heart output and 
the redistribution of the blood in the systemic circulation (p. 434). 

(iv) Removal of Oxygen by the Tissues ,—This is effected as follows : 

(a) Dilatation and increase in the number of the capillaries in the muscles 
(p. 320) slows the rate of the blood flow and allows more time for gaseous 
exchanges. 

(h) Low oxygen tension in the tissues allows oxygen to diffuse more 
readily and to a greater extent out of the blood. 

(c) High CO 2 tension and raised temperature increase the extent and 
rate of dissociation of oxyhaemoglobin (p. 411). 

The blood which leaves the tissues is thus very extensively reduced, and 
the mixed venous blood may contain as little as 3 c.c.% oxygen instead of 
the usual 14 c.c,%. Experimentally, the Og consumption of active muscle may 
rise thirtyfold. This could be achieved by an increased blood flow (e.g. X10) 
and an increased utilization of oxygen (e,g, x 3) ; it is known that the muscle 
blood flow in exercise may increase even up to thirtyfold, so that an ample 
margin is available. 

It will be noticed again how every part of the body makes its contribu> 
tion to the general effort. The pulmonary “ bellows supply the oxygen. 
The heart and vasomotor mechanism send the blood mainly to the parts 
which need it. The tissues abstract as much oxygen as they can from the 
blood which is supplied to them. 

The Oj consumption falls rapidly to its resting level when the exercise is 
ended. 

(3) CO 2 Output. —Data for COg output are given in the Table on p. 405. 
The ratio of COg elimination to oxygen con8um})tion can be judged from the 
data for the respiratory quotient given below. The elimination of the large 
amounts of COg formed in the body is effected in a manner analogous to that 
described for oxygen. 

(4) Respiratory Quotient. S])ecial attention has been paid to the R.Q. 
of the total metabolism or of the (*xces8 metabolism of exercise in the hope 
(possibly the vain hope, (if. p. 373) of obtaining information about the kind 
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of foodstuffs which are used by muscles during activity. The K.Q. proves 
to be about the same as the pre-exercise value (e.//. 0-85). Thus when walking 
at 2, 3, 4, and 5 miles per hour, the K.Q. varied from 0-85 to 0*9 ; during the 
prt?vious resting period it was ()-8 to 0-88 (p. 405). If these results mean 
anything tliey suggest that the body uses the various foodstufts in exercise 
in rouglily the same proportions as at rest. 

On a diet consisting mainly of/<//, if the exen?ise is proUmyed, the K.Q. 
falls to about 0-7, suggesting that fat is being used as tin? predoijiinaiit fuel. 
The fat is not burnt directly by the muscles, but is first transformed in the 
liver into carbohydrate or ketone bodies which then sent to the muscles 
to s(u*ve as the source of energy. 

(5) Bloou Kkaction.—L actic acid doevs not esca])e from the muscles into 
the blood. The ion concentration of the blood only rises slightly from 
accumulation of llgCOg, and there is consequently no marked respiratory 
distniss. 

(6) Oaudiag Output.—I n running at tlie rate of 9 miles per hour, an 
oxygen intake of about 4 litres per minute is attained and can be kept up 
for half an liour. This, as explained on p. 279, involves a cardiac outjiut 
per minute of about 30 litres, which is the highest obtaimui in the human 
subject when breathing air. If oxygen is breathed during the period of 
exercise, the oxygen consuin])tion may bt* as high as 5*9 litres ptu* minute, 
and the cardiac output is then over 40 litres j)er minute. This latter figure 
probably re])n5sents tin? limits of bodily reaction. 

The other circulatory changes are described on pp. 432 et mj, 

(7) Fatigue. —In steady prolonged exercise, fatigue is due to a number of 
ill-understood factors ; in the main it is attributed to changes in the brain 
resulting from slight anoxia and increased ion concentration. Aiferent 
impulses set up in the active muscles (in part perhaps by the local physico¬ 
chemical changes) give rise to discomfort and contribute to the sense of 
weariness. Some of the stiffness may be due to swtdling of the muscle from 
accumulation of exuded fluid from the blood (p. 19). 

Severe Exercise.—(1) Pulmonary Ventilation. —The characteristic 
feature of this type of exertion, which is necessarily of relatively brief duration, 
is that the breathing remains much above the resting level for a prolonged 
period aj'tn' the ejertion is over, in case i>f a man who ran 225 yards in 
23*4 seconds, the pulmonary ventilation returned to normal in 27 minutes ; 
after a quarter-mile race followed by severe gymnastics, in 44 minutes; after 
“ standing-running^ for 4 minutes (breathing oxygen), in 87 minutes. 
In the case of a 100-yards sprint, the subject may scarcely draw breath 
during the race, but marked dyspnoea develops later. 

(2) Lactic Acid Formation. —During very violent exercise, owing to 
relative anoxia of the muscles, lactic acid accumulates in the muscles and 
diffuses out into the blood stream and throughout the body fluids. 

The resting lev(?l of blood lactate is 10-20 mg~”y. As a result of violent 
exercise the level may rise to l(X) or even to 2(X) mg-‘)'o. As lactate is freely 
diffusible, the blood lactate level repre.sents the concMuitration in the muscles, 
the interstital fluid, and possibly in the intracellular fluid generally. If the 
total volume of body fluid {i.e. 50 L) contains a lactate concentration of 

^ i.c. standing in one place and carrying out rapid movements of the legs as in 
running. 



RECOVERY AFTER SEVERE EXERCISE i:iO 

2(K) (i.e. equal to that in the blood), the total lactate accumulation is 

]()() Art<u' tlic exorcise is over this lactate is disposed of ; the blood lactate 
conct'iitral ion steadily diminislit's and reaches the normal level after a variable 
period of time, sometimes aft;(‘r as lontjf as 60 minut(js. 

(3) Rkscikatory Quf)T[E>JT.—The respiratory quotient of excess metabol¬ 
ism during? the period of exertion first rises above 1 and may reach 1*5 or 2 ; 
the maximum figure is usually attained shortly after the end of exercise. 
During the recovery period the R.Q. falls below normal, e,g. to 0*5. 

These changes can be readily accounted for. The lactic acid which, as 
we have just noted, accumulates in the plasma during violent exercise is 
buffered as usual by the bicarbonate. 

IIL : NuIir()-,->NaL i Ho0(V>C02 

This re.ietion resnlls in the lib<u-ation of large amounts of n'l/lfoiil any 

rqairalrnt utill-iafltm o.iyyrn. In addition, various foodstulfs ar(‘ burnt in 
the muscles, oxyg^m b(‘ing used and (,'(>2 evolved with an R.Q. of 1 or less. 
When the R.Q. of excess nM*t.aholism is 2, for eacdi 1 molecule of ('D.^ r(‘sulting 
from oxidation proeess<‘s in the nmscles, at least another 1 molecnh* of ('O.j 
is evolved from tin* NalK’O.. of t h<‘ plasma. The extimt to whieli the R.Q. 
exeec'ds 1 is a good index of the intt^nsity of the e.xertion. The low It.Q. 
IbllowjMg the t*xercise is dm* to l>(*ing Malnvd in (he hlnod fo rr-fo/'tn the 
hirarht)nfifr (p. TlO). 

(4) Recovery after Severe Exercise. —After se^vere exercise the oxygen 
consmnption (like the pulmonary ventilation) r(*niains initially far above the 
resting lev(‘l ; thus following violent standing-rnnnirig (Fig. 261) the Do 
intalo* per tninnte was at the rate* of 18(.K) c.e. at 30 seconds, 1250 c.c. at 50 
s(*eunds, 750 c.c. at 100 seconds, and 500 o.c. at 140 seconds ; (the resting 
level was 250 (‘.e. per minute). The O.^ intak(^ declines slowly further Init may 
not ndurii to resting level for 30 120 minutes. 

The voluim* of Do us(‘(l after th(i exercise is over in excess of the resting 
U.j eonsunqjfion for the same length of time is called by Hill the oxygen debt, 
or, better perhaps, the reeorery oxygen, Jt can be measured as follows; 

(i) llie resting O., eoiisiimptif»n is determined. 

(ii) The post.-exereise oxygen consumption is measur(‘d until it has fallen 

to its pre-exercise value? ; as a rule this occurs in 30 minutes. The resting 
oxyg(‘ii coii.suni]»tio]i in (say) 30 minutes is then deducted from the post- 
(‘xereise O.^ consiim|)tion for the same time. The difference is the Do debt. 
Oxygen debt figures as high as 15 -18 litres have been observed. These 
results can be readily accounted for. During very violent exercise all the 
trem(‘ndous circulatory and n?spiratorv reactions prove inadequate to supj)ly 
the active muscles with tli(*ir full Og re(piirein<*nts. As has been repeatedly 
emphasized, the active muscles, in spite of their large O.j uptake are contracting 
in a sense* anaTobieally. Much lactate undoubtedly accumulates in the body 
(up to 100 g., and probably other products of muscular metabolism 

as well. The n*eovery oxyge*n is iis(*d to dis]H)se of the various waste products 
which have*. ace*umulate>d during the bout of violent activity. 

(iii) During tlie* first IVw minutes of the recovery process there is no 
rleerease* in the* aine)unt e)f lactate in the plasma m)r, ])resuma.bly, in the muscles. 
It seems, therefore, tliat metabolites other than lactate are disposed of first. 
Idle oxygen used fe)r this purpose is termed the “ alactic acid debt.” 
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(iv) When this has been dealt with the lactate is got rid of gradually in 
the following way : 

(а) The lactate of the muscles is first disposed of; i.e. it is reoxidised to 
pyruvate and then dissimilated to COo and water or perlia])s partially recon¬ 
verted into glycogen (p. 849). 

(б) The sodium lactate of the blood is in the ionized form as Na^' and 
lactate' ; some of this lactate is now taken u}) by the liver and is there rebuilt 
into glycogen. 

(c) The rest difTuses into the muscles (as the local lactat(i concentration 



Fio. 264.—Recovery I’hase after Severe Muscular Exorcise 
(Standing' Running). 

Abscissa ~ tiiii** in spcoiuls. Ordinate : heart rate y)er mimite ; O. intake in 
c.c. per jiiinnte. The resting valuers lor liearl rati' and oxygen con¬ 
sumption were 70 beats and 250 c.c. per minute. 

End of exercise .shown l>y arrow. 

Xoti* that neither the O 2 consuin|»tlon nor the tieart rate liail retiiriKid id 
normal 140 sec. after the. end of exercise. Total exei's.s O 2 consumed after 
tlie exercise is over i.s tiie oxygen deU. (.A.fter T.ytiigoe and I’en-ira.y 

falls) and other organs to be oxidized and then dissimilated or (‘oiiverted into 
glycogen. Such lactate as is oxidizt^d in the tissues yields COg ; (it is perhaps 
worth emj)hasizing that lactate cannot be oxidiztid in tlie blood stream. 

(d) The COg thus formed, on entering the blood is retained there to a 
considerable extent instead of being blown off in the lungs. It unites with 
the Na+ of the plasma which was previously combined with hictate (as sodium 
lactate) to re-form the bicarbonate which has been depleted during the period 
of exercise. 

(e) The COg output from the lungs is thus considerably less than the 
oxygen consumed, and in this way the low R.Q. which follows violent exercise 
is accounted for. 

(5) Blood Reaction.— Owing to the flow of lactic acid into the blood 
there is an increase in the HgCOg and a bill in the bicarbonate content of 
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the plasma. Tln^se two factors produce, a. dcinoTistrahlc increase in th(^ H' ion 
concentration. This acidmma stimulates respiration and increases the 
pulmonary ventilation to an extent which is sufficient to give rise to sub¬ 
jective symptoms of distress or dyspnaia. The acidsernia is still present, 
of course, at the end of this severe ty])e of exercise. Th<‘. ventilation. 



Klo. ^(>5. Analysis of Enerjiy Kxchanj^rs in Muscutu- Kxorcise. (Afti-r Nielson, 
Slaiid. Arch., Physiol., 193S, 7U, JUIJ.) (Of. Kii;. 27S.) 

OrdinatL* : ('jilorirs per lu)ur. 

AhscisHsi ; Work in ku. mclms ininnU*. 

Thr work in rucli cu.m- lastcii GO niiinitt's and was of inon-asinsi d(^{?rt'r oi sfvf'nty. 


therefore, does not r<*.turn to normal for a prolonged ]a*rio(i, e.y. for 
half an hour or more after the ex(»rcise is ov(*r; as aln*ady pointed out 
throughout this time the oxygen (ronsuinption (and th(‘ cardiac output and 
blood flow to the muscles) remain above the resting level. 

After the exercise is over the normal blood r(‘actif)n is restonul (i) by 
blowing off thi‘ excess COg; (ii) by restoring the bicarbonate of the plasma 
to its original level, as describ(‘d above. 

Very little lactate is excreted in the urine, and the amount thus eliminated 
is no index of the amount of lactic ac.id formed. 
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It must be emphasized that strenuous exercise does not def)end on cow- 
currenf oxidation ; lactic acid and other waste })roduc,ts an* rorined in 
amounts far greater than the niaximuni oxygen intake can cope witli. The 
chemical processes (partly jcrobic, but to a varying ext(*nt also aiuerobic) 
going on in the muscles yi(‘l<i energy which enables activity to be continued. 
The excess lactic acid in man is temf>orarily buifered in the tissues and in the 
blood stream, accumulates throughout the body fluids, and is disp()s(*d of 
after tin* exercise is ov(‘r. W(* are thus permitt<*d to do work far in (‘XC(*ss of 
the greatest oxvgen supplies which the heart and lungs can provide* at the 
time, and we accumulate lactic acid and other substances. We meta}>horically 
overdraw our oxygen account during the exercise and rt*pay the debt later. 
The size of the re]jaym(*iit during the recovery ])eriod is, of course, equal to 
the oxygen debt incurr(*d during activity. Tin* avidiemia which is still |)resent 
at the end of exercise serves so to say as a guaratitee that tin* ventilation 
will be adecjiiate to su|)])ly all tlu^ oxygen neces.sarv for tin* recovery process. 

Skcom) Wind. —This phenomenon is familiar t.o athletes ; during a long 
race initial dyspmea supervenes, but aft<‘r a wliile this passes away and 
the fneathing becom(*s more comfortable. It has not y(*t l)e(*n satisfa(‘torily 
explained. 

Heat Exchanges. —Fig. 2f)5 shows the changi*s occurring during exercise 
of incri*asiug degree.s of s<*v(‘rity. Total energy output increased in dirf»ct 
proportion to the in(!r(*a.se in the severity of the work. With tin* hard(‘st 
type of work studied (1260 kg rnin.) tin* total energy output ro.se to SOO (7al. 
per hour as against a resting value of less than 100 (.\al. p(*r hour. Only about 
one“(iuarter of this em*rgy is converted into mechanical work, and about 
three-quarters (OOf) Oal, in the example (pioted) was given off as heai. 'J'he 
change in IkmIv temperature depends on tin* n*latioiiship between the rate 
at which heat is formed and the rate at which heat is given off from the* 
body. With hard work heat production substantially (*xc(*eds heat loss 
with the result tliat tlie body temj)erature rises. Tl)e lower thr(*e curves in 
Fig. 265 show tlu^ ways in wdiich the extra heat is given off. Heat loss by 
convection and radiation alters negligibly, and then* is a small increase in 
heat lo.ss from the lungs ; in the main, heat lo.ss is etfected l>y Increased 
secretion and evaporation of sweat. 


ANOXIA (OXYGEN LACK) ^ 

The term anoxia is employed to describe oxygen lack in the body from 
any cause. Anoxia occurs commonly and complicates many diseases as a 
secondary factor. It is important to obtain a clear idea of the effects of anoxia 
and the various conditions which may produce it. 

Effects of Anoxia. 1. Nkrvous System. .When anoxia is v(*ry rapid 

and severe, loss of consciousness may occur without any warning, as when 
the oxygen supply is cut off from an airman at a great heiglit or wlien a. 
miner ]>uts his h(*ad into a cavity full of methane gas and dro[)s as though 

1 Sec Baroroft, Respiratory F'uywtion of the Bloody Cambridge, 1914; 2nd edn. pt. i. 
Lessons from High Altiludesy 1925; /jancel, 1920, ii, 485. Haldane and Priestley, 
RespiratiOTiy Oxford, new edn., 1935. Van Liere, Anoxia, Chicago, 1942. Armstrong, 
Aviation Medirhte, 2nd edn., London, 1943. Monge, Physiol, Rev., 1943, 23, 106. 
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by a blow. VMm*u fuiiior recovers on breatliinjj; pure fresh air for 
a few seconds, he really b(‘liev<‘s tliat. he has been knock(‘(i down, and acts 
accordingly, assaultin^^ anyone in his vicinity. If anoxia dcwidops more 
«j;radually, the intelh‘ct atid tin* senses become dulled without the person 
being subjectively aware of what has liappened. When the anoxia is relieved, 
the sndd<*n incn*ase in the pow(*r or in visual acuity comes as a great surprise. 
Not infr(‘(]uently, however, the sym|)toms are temporarily aggravated on 
breathing normal air. 

The symptoms of s(*vcn‘ anoxia may reseird)le those resulting from an 
overdose of alcohol : hcada(;he, depression, apathy and drow^siness, or excite* 
rhent and general loss of self-control. The subject will sing and shout, or 
burst into tears for no apparent reason. H(‘ may be extr(‘mely quarrelsome or 
insolent. If in any danger, he may refuse to take such measures as are 
obviously essential for his sahity. He feels quite confident that his mind 
is clear and that his judgment is sound, in spite of his dangerous behaviour. 
Memory is irnj)aired, and appreciation of time is altered. He may think 
he has gone quite a long way when he has only stumbled a few yards. 

The effects of acute severe anoxia are well brought out in the following 
record.* At 2.53 a.m. one November morning an American aviator (L.) 
took off into the darkness for the usual weather flight (“ Dawn Patrol *’). 
It was customary to climb to 16,00() feet, levelling off every 1500 feet for 
a short period. Owing to some instrumental fault he really climbed 2 feet 
for every one read on the altimeter. The flight proceeded normally to an 
altitude of “ 8000 ” feet (actually 16,000), when L. began to feel weak, 
dizzy, and slightly confused; there was respiratory distress and a sense of 
oppression in the chest; his flying co-ordination was also imperfect. He 
suspected he might be in need of oxygen, but as he had never used oxygen 
at lower altitudes than 12,(X)0 feet and his altitude was only “ 8000 feet, 
he thought that could not be the trouble. He was maintaining wireless 
contact with the ground, but at this stage could not find the proper words 
to use. All this did not alarm him in the least. Though weak and be¬ 
wildered he began to ascend further ; in the meantime he dropped his micro¬ 
phone. He fumbled all over the cockpit in the dark searching for it, but 
did not think of turning on the light. After five minutes* frantic search he 
gave up the hunt; the microphone was subsequently found lying on his lap. 
By this time he had reached “ 10,000 *’ (actually 20,000) feet; the plane 
now went into a spin. Not the least disturbed, he climbed again, fell once 
more into a spin, and repeated the performance several times. None of 
these experiences alarmed him but merely increased his determination to 
reach his objective of “ 10,000 ** feet. Breathing was now difficult and 
accompanied by a sense of suffocation ; muscular co-ordination was defective 
and there was considerable emotional upset. He was angry and possessed 
of an acute sense of failure : other pilots could reach 16,000 feet without 
difficulty and here he was unable to attain “ 12,500 ** feet without a spin. 
Grim determination drove him to spend over an hour climbing and spinning ; 
from anger and shame tears were streaming down his face almost all the 
time. All sense of fear or of passage of time was gone ; vision became 
limited to the nose of the plane and the instrument panel; flying became 
semi-automatic. “ He was fighting mad till he became so tired that he 
^ Lecdham, J. A viation Med,, 1938, 9^ 150. 



444 


EFFECTS OF ANOXIA 


began to pass out.” After being an hour in this twilight state he woke up 
in a full throttle dive towards the ground. The improved oxygen supi>ly 
brought him once more to his senses at ‘‘ 4000 ” feet and he began to cliiiib 
again, though he only had enough petrol in the emergency tank for 15 
minutes' use. At about this time (at the lower altitude) he became more 
fully conscious, and a realization of what had been happening dawmnl on 
him. After alighting, he noted fatigue, poor appetite, tremor, and loss of 
confidence ; but he was quite normal again after 24 hours. 

In anoxic states understanding is impaired more than sensation ; the 
subject sees without knowing what he is looking at. He finds it difficult to 
understand printed or written words. Pain is dulled : a miner poisoned with 
CO gas readily burns himself with his lamp. Finally, each sense is lost 
suddenly, hearing being retained longest. There is great muscular weakness 
and easy fatiguability. Progress is made with extreme slowness. The 
mountaineer “ may think twice before turning over in bed.” Sudden paralyses 
of lower or upper limbs may occur. 

Very trifling changes in the environment may make a great difference to 
the affected person. The importance of attending to the minutisB of nursing 
comfort in the case of anoxic patients is obvious. 

Acute anoxia occurs clinically in some cases following pneumonectomy. 
The patient becomes disorientated and does not know where he is ; he 
climbs out of bed and may become violent or quite unmanageable. 

2. Digestion, There is nausea, loss of appetite, and vomiting. At 
26,700 feet, the members of the Everest exj)edition could with difficulty 
bring themselves to eat meat at all. Chocolat(*s and biscuits were consumed 
as a duty, and only soup and coffee were taken wit h relisli. (Ou the mountain¬ 
side, great thirst was a striking feature owdiig to dryness of th(? mouth and 
throat resulting from the marked loss of fluid from the r(‘spiratory passages 
in the dry cold air.) 

3. Circulation. —There is at first an increase in the frequency of the 
heart and probably in the minute output. A small rise of blood pressure may 
occur.^ These results are due to anoxia acting (mainly nffiexly) on the 
vasomotor and cardiac centres in the medulla. Tin* blood flow to the 
splanchnic area and skin is reduced and more blood is divertt'd to the brain 
and the heart muscle. Later, the. force of the heart dies down, though the 
frequency may increase* further. In the Everest expedition the pulse rate 
during motion was 160 180 per minute, or even more, of good volume and 
regular. All the men wffio went above 27,000 feet developed dilated h(*arts, 
which returned to normal at low^er altitudes in 1 to 3 weeks. Owing to the 
imperfect oxygenation of the blood, cyanosis develops (for full discussion see 
p. 452). The raucous membranes may appear black or leaden grey according 
to the amount of blood in the capillaries. 

4. REsmuATJON. The effects on the breathing have already be(*n fully 
considercfd (p. 308). The breathing is increased in rate, but buuis at first 
to be shallow'^ and fxiriodic in character. 

5. Delayed Effects. Beside the immediate results of anoxia, numerous 
delayed effects appear, depending on the length and severity of the ex])osure. 
An inspector of mines who had been in an anoxic atmosphere, on returning 
to the surface, first shook hands cordially with all the bystanders. The 

‘ Cf. p. 273, p. 310, and Fig. 243 for effects of acute {iiioxia on the circulation. 
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doctor offered him his arm ; he regarded this as an insult, and there and 
then took off his coat and challenged him to fight. Mountain sickness with 
typical nausea, vomiting and depression, may ensue 8-12 hours after the 
('xposure, perhaps even after the descent. A slight degree of oxygen lack 
may therefore act insidiously and only reveal its effects after a long latent 
period. This conclusion is of importance when we consider that mild anoxia 
is fairly common clinically. Following prolonged exposure to severe oxygen 
lack, very formidable after-effects occur. Anoxia “ not only sto])s the 
mac.liine but wrecks the machinery (Haldane). 

In (X) f)oisoning, consciousness may not be regained for many hours after 
the condition of the blood has been restored to normal; or coma nifiy persist 
and [)ass into death. Convulsions may occur at intervals owing t(j injury 
to rnn vous (‘lements, and jiaralyses of various sorts may follow. 'Fhe mental 
c<jndition may be temporarily impair(‘d or the sul)jcct may j)ass into a state of 
dement ia. Fneumonia may set in after a day or two ; this complication is an 
index of the generally precarious condition of the whole body. 

f). Acclimatization.-- (liven a slow onset of anoxia and favourable* 
earcimistances, the various comp{‘nsatory activities of the body are brought 
into play. At Tnoderate heights, the* (*arly unpleasant symjdoms may pass 
away conij)let(‘ly. At Fike s Peak (M,1(X) feet), the general discomfort, the 
latigue, and the })eriodic breathing ])assed off in 10 days, and all the subjects 
felt and look(*d extremely well. »Similarly, in thi* anoxia of disease we may 
ex})ect to tind the sym])tonis masked for a long tinu*, only to be strikingly 
displayed when comp(‘nsa.tioii breaks down. 

Acclimatization is effected as follows : 

(i) The kidneif excretes urine of an alkaline reaction and with a low NIl 4 ‘^ 
content: the alkahemia is thus effectively compensated. 

(ii) The pulmonary ventilation is coHstupiently permitted to proceed at a 
.sufficient level to maintain a much higher alveolar oxygen tension than 
otherwise would have been the case. 

(iii) The red bone ^narrow is stimulated by the chronic anoxia ; red cells 
are formed and turned out into the circulation in increased numbers ; the 
reticulocyte count (t.e. the proportion of young red cells) rises. The red 
cell count and tlic hannoglobiii concentration ri.se (the latter may go up to 
115 -15(J^!(, on the Haldane .scale (p. 175)); the oxipfen-rarri/lng capacity of 
each c.c. of blood is thus inerea.sed. 

The changes during acclimatization in pulmonary ventilation, alveolar 
COg tension, and haemoglobin concentration are shown in the Table below. 



Days 

Alveolar 

Relative | 

Hb%. 

Altitude. 

after 

CO, 

Pulmonary ! 

(Haldane) 


Arrival. 1 

mm. Hg. 

Ventilation. : 

1 

Scale 

Sea level 


40 

100 

100 

6000 feet 

1 

37 

108 

100 


^ i 

35 

115 

101 

14,000 feet 

1 

32 

125 

103 


5 

29 

138 

109 


20 

27 

148 

116 
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Problems of High Altitude Flying.^ —At great lieiglits oxygen must be 
provided or j)ressurised cabins us(‘d. 

(1) Oxygen is supplied From cylinders oF liipiid oxygen ecpiipped with 

means for converting the oxygen into the gaseous Form. A Face-piece is 
lixed o\'er the mouth and nose, through whicli a cui itmt of oxygen flows 
constanth'^; about half the oxygtni deli\'(‘rt‘d in this way is wasted because 
it reaches the face-piece during ex]>iratiom but tlu‘ met Inal has tin* advantage 
of sim])licity oF apjmratus. Donati, For exam[)le, attained by this means a 
height oF 47,3o8 le(*t. At 45,0(K) feet the barometric pn‘ssiire is 110 mm. llg 
(Fig. 244) ; this must also re]>resejit the total pressure oF tin' aivc'olar air. OF 
this pressure in tlie alveoli water vapour r<*.presents 47 mm. Mg and (H)^, say 
40 mm. The residual pressure, 23 mm. Jig, is all that is ax ailahh* For alveolar 
oxygen juessure, ivlien /mre ojijffen is bmithcd. Actually the anoxia 

stimulates respiration and decreases the COj, pressure (t he iinn ita hle result, of 
iiyperpnaia at rest) ; this allows a corresjjoiuling in(a‘(‘ase in tJie oxygen 
pressure, jmssibh^ to about 40 mm. Hg. At such a pressure cons(*ioiisness 
would he retained by a person in goo<l training. IF the. haronietric ])ressurc 
was 130 mm. there would be little danger s<» long as pure o\ygt*ii was linrathed, 
but llO mm. seems to be the lowest tolerable barometric pnvssurc, using the 
type of apparatus described above. 

(2) To ascend to greater heights and For civilian living wh(*re oxygen 
inhalation is inconvenient, an air-tight cabin is us('d wliicli (‘ontains air oF 
normal cotnposition, kept at normal barometric ]uessure irrcspeclivt* oF the 
height attaineU.- 

Types of Anoxia.*^ —Four types oF anoxia may he recognized : 

(1) Anoxic Ujpe : the tension of oxygen in tin* arterial blood is lower than 
normal, and eonseijuentiy the Inemoglobin is not satnratcHl with oxygmi to the 
normal extent. 

(2) Andnric type : the oxygen tension in the arttnial l»luod is normal, but 
the quantity oi‘functioniny hainvylohin is loo small. 

(3) i:>iagnanl type ; tin* arterial blood is normal in oxygen tension and 
oxygen content, but it is supplied to the tissues in insojfirient amoonts because 
of a decrease! in the blood flow. 

(4) Histotoxic type : the tissue cells are poisoned and cannot make effective 
use of the oxygen su})plied to them. 

We may now discuss each form more fully. 

1. Anoxic Type. —This very serious form of anoxia occurs character¬ 
istically at high altitudes. The tension of oxygen in the alveolar air is too 
low ; the tension and content of oxygen in the arterial Idood are consequently 
lowered too. 

When the oxygen tension in the blood falls, breathing is stimulated and 
consequently (as already explained) excessive amounts of COg are washed out 
from the blood. As a result oxyh8Binoglol)iij tends to retain its oxygen 
(Fig. 249), and so the tissues are starved of oxygen imJependently of 

^ KuJtr>?j, Arinlion Mrdirinp is its Prpvpsflrr Aspppfs, London, IU4H. Ivy, Fpd. Prttc,^ 
1946, 5, 31U. For clFects of aectdurat.ion in relation to aviation see Wood vl a/., Ved, Proc., 
1946, 5. 327. 

* For dangers oF decompression siekness jii high altitinles see 426. 

* Argyll Campbell, and Foulton, Oxy^pn and (Jarhos Dlojcidp. Thpjapn, l.ondon, 1934. 
ilarach, Inhalat tonal Therapy, Phila., I{>44. 
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the amount present in the blood. The velocity of the oxidative processes 
seems to depend to some extent on the pressure head at which oxygen is 
su])|)lied. 

'J'he tissues, therefore, are hampered in thre(‘, ways : 

(a) The tension of oxygen in the lilood is low, and so tlni rate of tissue 
oxidation is diminislied. 

(h) Tliere is l(‘ss <jxygen pres(*iit in the blood, so that any activity 
demanding a. large oxygen eonsiim[)tion is iinf)ossibl(\ 

(c) 'J'hc oxygen which is ])resent in the blood is not readily available to 
the tissues, owing to the low COg tension hanijiering the dissociation of 
oxyhamioglobin. 

Harcroft illustrated this very well in his experitmuit in a respiration 
(rhaniber wdiere he was exj»ose<l to low oxygen tensions. Normally, his 
oxyg(m capacity was 17*8 c.c.%, the iiamioglobin saturatfHj, and the 

oxygen content of the arterial blood was 16-9 c.c.%. .4t low oxygen tensions 
his hiemoglobin IxTame only 84% saturated, but as his Inemoglobin concen¬ 
tration rose, his 0.^ capacity went up to 20*1 e.e.^Jo ; his arterial Og content 
was therefore still 10*9 c.c.%. Although the volume of oxygen present in 
ids art(‘rial blood wa,s the same as normal, severe symf)toms w(*,re present 
in th(^ resjhration chamber (headache, vomiting), because the oxygen tension 
was subnormal. 

Clinical Causes of Anoxic Anoxia. (1) Altkratio.n ok thk ALVKohAK 
KnrruKLir.M. - If th<‘ walls of th(* alveoli are swollen and (jedematous, or 
covered by a layer of hbrinous exudat(‘, diffusion of oxygeii into the blood can¬ 
not naidily occur. The arterial blood do(‘s not attain tlie same o.vygeai tension 
as the alveolar air and is therefore undersaturated. This is well seen as a 
result of poisoning with irritant w^ar gases. The, alveoli be(;ome sodden with 
riuid, and cyanosis is present in spite of deep breathing. Administration of 
oxygen inij)rov(*s the (jolour and the general condition of the j)ati(mt, because 
at the higher alvt'olar oxygen tension the gas diffuses more rapidly into the 
blood. In heart failure witli (rdenui of the lunys, anoxia is caused in t he same 
way. 

(2) Parttali.y Unventii.atkd Areas of Lung, (i) Shallow Hreatfiing. 

Keith suggests that the, various n^gions of the lungs do not open out (‘tjually 
and simultaneously during inspiration, but part by part. like a lady s fan.“ 
The alveoli nearest the moving parts of the ch(‘st wall and th(‘ dia])]iragm 
(*xpand first, and to the greatest extent; the other regions follow suit later, 
and to a less ext(*nt. In shallow rapid breathing certain parts of the lungs 
are well opened up, and l)ecause of the fre<|ueney of the l)reathing nrcc'ive 
more than their normal amount of fresh air. Tin* alv(‘olar in the^^c 

regions falls, and conscMpient ly a gn*a1er amount of (■02 is washed out from 
the blood. Similarly, the oxygen in these alveoli may rise to 16 or 18‘Vo, but 
this is of practically no value to the, blood. As arterial blood is 95^;^ saturated 
at the usual alveolar oxygen tension, it takes up a negligible additional amount 
of oxygen if the pressure is raised. Many parts of the lung, how^ever, are 
considerably underventilated, as the breathing is not deep enough or prolonged 
enough for them to be opened up. Less CO 2 is given off in these areas : 
because of the low oxygen tension in these alveoli, the blood leaves them 
considerably undersaturated with oxygen. Tf the total alveolar ventilation 
is normal, the CO 2 is eliminated in adequate amounts; hut not enough 
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additional oxygen is taken up in tlie over ventilated alveoli to compensate for 
the incomplete saturation which occurs in the underventilated alveoli. As a 
result, the blood which leaves the lungs is deficient in oxygen. 

In broiK‘lioj)neninonia and astlnna small j)atclu‘s of collapse occur and 
the blood leavdng them is imderarterializc'iL 

(ii) LoJiAU 1\\EU.\U)MA.^- In this disease a. number of factors contribute 
to the development of anoxic anoxia.. 

(a) Shallmv hrmthing. —Anoxia may be present from toxics depression of 
the respiratory centre causing shallow breathing. The deptli of the breatljing 
is also restrained by the ])ain due to the associated pleurisy. The breathing 
may perhaps be reHcxbf aceeleTatod by abm)rmal alltTcnt impulses from the 
atTect(‘.d lung. 

(b) Ufuetrifed arem of lung. —If the blood vess<ds supplying the con- 
solidatt^l parts are ol)structed, all the blood must pass through the functioning 
parts of the lung and is then' arterialized. But if tlu' blood vessels of tlie 
pneumonic area are patent, tin* blood circulates through this region unchanged 
and leaves it in just as venous a state as that in which it arrived. The 
“ arterial blood is then a mixture of oxygtmatod and unoxygenated 
blood. 

(c) AUcrcd alveolar pennealnlitg .—If oedema of the lung is })n*s(*nt, too, 
from heart failure, the condition is still furtlun- aggravated. 

(iii) CoLLATSK OF LuNCJ, Jf part of a lung is collapst'd. (Iu‘ |)ro(lnction 
of anoxia depends on th(* jx'rsistt'iua* of the local puliinjiiary blood How 
together witli the absence of local aeration. This most commonly occurs 
ill collapse dm* to bronchial obstruction, c.g. owing to iidialaticm of a plug 
of mucus following an amesthetic ; the afiected l<jl)e or segment collapse's 
as the air is absorbed distal to the block. Anoxia is niueli l(*ss eomnnui in 
cases of extrinsic *' collapse, e.g. hydro- or pneiimotliorax, because the. com¬ 
pression is geru'rally not sufficient to occlude the alve'oli. More rarely tie* 
absence of anoxia is din; to comjiression o(;chnliiig both tin' lung capillaric's 
and tile alveoli.^ 

(iv) The re'sults of ompinpsenui, trarhvnl and broneh 'utl stenosis, an* con¬ 
sidered on j)p. 151, 457-4511. 

(d) AliNOK]MAL!TJKS OF IJeAUT A\l» liLOUO VESSELS.'* Ill Ct'rtaill foiMlS 
of congenital lu'art disi'ase, esjiecially in the condition known as Fallot's 
tetralogy, a projiortion of the venous blood is shuut(‘d directly through the 
heart into the arterial side of lli»' circulation {]>. 452) ; as a. result, part of the 
blood r(;aching the systemic arterii's has never ]>assed through the lungs at 
all, and anoxia is present. Here again the “ arterial Ijjood is a mixture of 
oxygenated and unoxygenated blood. The degree of anoxia dep(*nds on the 
magnitude of the shunt. 

2. Anaemic Type. - -This is less serious in its effeets than the anoxic 
form. As the oxygen tension in the blood is normal, the rate of tissue oxida¬ 
tion is maintained at its usual level. No increase in the pulmonary ventilation 
occurs at first; i.e. the breathing does not respond readily to a decrease in 
the volume of oxygen in the. arterial blood, so long as the appropriate tension 
i.s maintained. At rest, the prejudicial effect on the tissues is relatively 

’ LiJiidsguarf], Medicine, 1925, 4, IM5. 

“ Bjork and Salon, J. thomr. Sunj., I!150, 20^ 92.3. 

^ BjiiizriKJtaJ, .7. din. lavttiUy., 1941, 20, 70.0. 
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slight. Of’the 19 c.cj. of oxygen normally present in arterial blood, only b c.c. 
are used up under resting conditions. As a person with 50% hfemoglobin 
carries 9-5 c.c. oxygen per 1(K) c.c. blood, his resting requirements are readily 
satislied. But his capacity to do work is greatly diminished because he has 
not the normal reserves of oxvg(*n in the blood to call upon. (The anoxia of 
lucmorrhage is d(*scril)<*(i on y). 81.) 

(i) Lac’K of lLi:MO(}M)nTN. In .severe anaunias (p. 190), the total hiemo- 
globin cont<‘nt is diminished, and the venous blood is very rediK^ed. Jn 
ex(‘r(*ise, th(‘ clii(*f nu'tliod which is available in these subjects for incn*asing 
the (7xyg(Mi supy)lie.s to the tissues is to increa.se the cardiac out|)ut. Accelera¬ 
tion of the piilsi* occurs with slight exertion. 

(ii) Altkred IliEMoOLonrN.—In poisoning with the nitrites, nitric-oxide- 
haemoglobin and some mcthimnoglobin arc formed. With large doses of 
chlorates or suiphonatuide derivatives, mcthsemoglobin is formed; marked 
cyanosis may be present, owing to the presence in the blood of this coffee- 
coloured comj)ound. The jjatient may, however, f(*el well so long as enough 
normally functioning Inemoglobin (ix. ca|)able of trains])orting oxygon) is 
available, because the arterial oxygen ten.sion is normal.^ (cf. p. 454.) 

(iii) ("arbon Monoxide Poisoning.—T his condition needs special con¬ 
sideration. It is a method commonly employed by intending suicides, and 
occurs accidentally from escapes of lighting gas, fires, and underground 
exyilosions. 

CM ) act.s by displacing oxygen from its combination with haemoglobin, 
forming a comyiaratively stable compound which is useless for gas-carrying 
purposes ; CO is so poisonous because we are dependent on functioning hamio- 
globin for oxygen trartsyiort. A cockroach, which has no haemoglobin in its 
blood, can be ke[)t alive in an atmosphere containing S0% CO and 20% Og. 
If a mouse is yilaced in a gla.ss ve.s.sel and expo.sed to two atmospheres pressure 
of oxygen and one atmo.syihere of CO, almost all the hiemoglobin combines 
with CO, and yet the mt»u.se remains normal while at rest, and only seems to 
tire ea.sily when climbing up the .sides of the jar. At the oxygtm pres.sure of 
the (‘xperiment, about 4-2 c.c. O .2 are yireseiit \\\ free solution, in 100 c.c. of 
jdasma ; this amount is sulUcient to supply the resting requirements of the 
iMKly.’*^ 

The affimtu of carbon inonoxitle for haunoglobin is about 300 times as 
great as tliat of oxygen ; ejj. if 14% oxygen and 0-047% CO are yiresent in 
the alveoli, the Inemoglobin of the blood shares itself out equally between the 
two ga.ses. | Minute concentrations of CO, if constantly maintained in the 
alveoli, can thus produce grave effects.] The symptoms then ytresent arc 
very stnious. The subject cannot walk any distance, and sometimes can 
scarcely ris(^ from his chair without collapsing on to the ground. When over 
50% of th(^ haunoglobin is thrown out of action the slightest exertion may 
cause fainting. In fatal cases the saturation of the blood with CO is usually 
over 80^/',, but may be only ()0‘^„. The .sym])tom.s of CO poisoning are clearly 
those of oxygen lack. It is m»teworthy that though dizzine.ss, faintness, and 
nuMital disturbances are present because of the cerebral anoxia there is 

' If ai) animal in this condition is kept in an atmosphere of oxygen for a sufficiently 
lor»g period, the methtemoglohin gnulually disappears from the blood and full recovery 
occurs. For discussion see Killick, Physiol, Jtev,.» 1940, 20, 313. 

® In much higlicr concentrations CO can directly arrest tissue oxidation. 

15 
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no appreciable increase in breatliing ami no ‘‘ air-hunger,” because the 
oxygen tension in tlie blood is normal. 

it is important to consider why the symptoms are so severe when 50% 
of the hsDmoglobin is not functioning as a result of combination with CO, 
and why they are relatively so mild when the hannoglol)in is reduced to 
the same extent in anaemia. It is found that the presemee of CX)llb alters 
the dissociation curve of the functioning hcBmoglobin wdiich is still j)resent. 
The curve is shifte*d to the left and the S-sha|)t* disaj)pears ; in other words, 
haunoglobin will now only give off oxygen in useful amounts when tin* f)xyg(‘n 
tension is very low. COIIb thus prevents adecjuate amounts of oxvgen being 
given off to the tissues, whi(^l» accordingly suffer very s<‘riously. (c.f. Fig. '21!).) 

If the patient is exposed to high pressures of oxygem (espi'cially if COg 
is added to the inspired air to stimulate breathing), CO is progressively dis¬ 
placed from its union wdih luemoglobin by tin* mass action of tin* excess 
oxygen, and a normal state of the blood is gradually restored. 

3. Stagnant^ Type. —This occurs when tin* cardiac oiif put and blood flow 
to the organs is diminished because ol' heart failure (p. i}upaireil venous 
return^ hainiorrhage, or shock. The tension of oxygen in the blood is normal, 
but the amount reaching the tissues is inadequate. Tin* rate of tissue oxida¬ 
tion is normal, because oxygen is suj>plied at a liigh pressure head. As the 
blood circulates more slowly in the tissues there is more time av^ailahle for 
reduction of oxyhaunoglobin. Furthermore, the impaired elreulation caus(\s. 
COg accumulation in the tissues which facilitates the giving-off of oxyg(;n. 
Thus the tissues make the most effective use of what oxygen do(*s reach tlnun 
in the blood. 

4. Histotoxic Type. —This occurs in poisoning with rganide, which 
interferes with tissue oxidation, by paralysing cytochrome oxidase (p. 851). 
Narcotics also depress tissue oxidation by interfi^ring with dehydrogenase 
systems (p. 854). 

The follow’ing Table (from Van Rlyke) shows the circumstances under 
which the different varieties of anoxia may lower the oxygen tension in the 
venous blood (and therefore presumably in the tissues' to the same level and 
80 produce comparable effects on the tissues : 
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95 
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53 
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^ This might be better termed iackfjemic type. 

* Th© rest of the httmogiobin is bound with CO. The figure underlined in each case is 
the cause of the anoxia. 
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By cyanosis is meant a blue or bluish colour of the skin, raucous membranos, 
or the deeper organs. It may be general in distribution, but is usually 
more marked in certain regions ; it is most often localized in the lips, nose, 
cheeks, ears, hands and feet. Cyanosis is due to a change in the character 
of the circulating blood, and so disappears if the blood is squeezed out from 
the part. 

The following average standards are assumed in the subsequent discussion ; 

Normal arterial blood ="95% saturates] with oxygen. 

19 e.c.% Og content. 

1 c.c.% Og iinsaturation (A). 

Og utilization by tissues "= 5 c.c.%. 

Mixed venous blood ""70% saturated with oxygen. 

14 c.c.% Og content. 

G c.c.% Go ansa/uralion (V). 

Cyanosis depends on the absolute amourd of reduced hwnioglohin f resent in 
the blood (octjasionally it is due to the presence of othtir dark haemoglobin 
derivatives, such as met- or sulph-hiemoglobin, p. 151); the amount of 
oxygenated haemoglobin present is of little importance. The amount of 
reduced haemoglobin in l)lood can be expressed as volumes per cent, of oxygen 
imsaturation, ejj. 1 g % reduced lib -1*31 c.c.% Og unsaturation ■ 18-GG c.c.% 
Go content. Average unsaturation in the capillary blood is tak(?n as the mean of 


the arterial and venous unsaturation = 


Ah-Y 

2 


2 


3*5 c.c.% (=16*5 c.c. 


Gg content *^* 0 ). A])Oiit 5 g-% reduced lib or (>*7 c.c.';,', Go unsjituration is 
the loiist junonnt which must be present in the capillary })l()()d to produce 
cyanosis ; f)Ut individual clinicians vary in the eas<‘ wit h which they recognize 
tile pr(‘sence of slight degrees of cyanosis. For the reason stated above an 
ainemic individual who has less than 5 g. Hb'*;, cannot usually bex^ome 
evanosed. 

The cyanotic colour is due to the blood in the minute vessels, i.e. capillaries, 
and possibly in the arterioles and venules of the subpapillary plexus as well.“ 

* LundsgjiaTTl and V’an Slykc, Mi f/irivr, I. 

- Kactoks MoniFY'iXQ CYANOS1.S. —(i) Ttiickiiess of the epidermis, which itself has no 
vessels, (ii) Presence of normal or pathological pigments in the skin, (iii) V'^ariations in 
the colour of the plasma from varying concentration of Iif)oids, white cells in leukaemia 
or pigments, (iv) Variation in the concentration of oxyhwmogiohin in the blood, (v) 
Variation, in the number, width, and length of the blood-filled capillaries in a given area. 

These modifying factors cannot alone produce cyanosis. They can influence the 
amount of reduced luemoglobin (Oj unsaturation) which is nocaissary to give the skin a 
perceptibly blue colour, and can modify the exact shade of colour produced. 

Factor (v) needs further consideration : («) With the skin microscope, variations are 
noted in the denseness of the capillary network in different parts of the skin ; great 
variations are present in the capillary distribution in different individuals. (6) The 
itiHuence of iempcrutttre is important. When the surrounding atmosphere becomes colder 
the arterioles are constricted and the capillaries dilated. The blood How becomes slow, 
and extensive reduction of the blood may take place (cf. p. 328). (r) An increnaed vevmis 

preaaurt tends to increase the number, width, an<l length of the blood-filled capillaries, 
an»l the rleefier vessels become visible; the production of cyanosis is thus facilitated. 
{d) Increase in the blood volume may have a similar cfi’cct. Those? facts would help to 
explain the ready production of cyanosis in polycy/hmmia, in which there i.s an increased 
blood volume and possibly a hyperplastic eoiiditioii of the capillaries as w(?ll. 
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CAUSES OF CYANOSIS 


Causes of Cyanosis.—It is obvious that the causes of anoxia and cyanosis 
must, to a large extent, overlap. The following classification (after Lunds- 
gaard and Van Slyke) may be used: 

1. All the blood passes through lung tissue accessible to aity but for xiarious 
reasons oxygenation of the blood in the lungs is incomplete. 

This occurs in—(i) Low O 2 pressure in the alveoli, e.g, at high altitudes, 
breathing oxygen-])oor mixtures, or from restrict(‘d pulmonary ventilation 
(from obstruction to the respiratory passages or from failure of the respiratory 
mechanisms). 

(ii) Swelling and thickening of alveolar w’all and (consequently diminished 
permeability to oxygen (“ piieunionosis 

(hi) IneHicient alveolar ventilation from shallow l)reat]hng, or in 
emphysema. 

If the arterial rixygen content falls to IG c.c.%, cyanosis is present. 

A=4c.c.; V-9; =6-5 

which is the threshold for cyanosis. 

2. Presence of an nnorrated shunt between the reins and arteries. 

(i) In certain forms of congenital In^art disease (infra). 

(ii) Collapse or consolidation of part of a lung with jxTsistencti of the 
blood flow through the region. It can l)e calculated that if over onedhird of 
the output of the heart is shunted from the venous to the arterial side without 
being aerated, cyanosis develops. 

Group 1 is relieved by the administration of oxygen, which raises the 
oxygen pressure in the alveoli and (in 1 (ii)) increases the rate of dillusion into 
the blood.^ Group 2 (i) is completely unaffected by oxygen therapy ; 2 (ii) can 
only be helped if the pulmonary collapse is not quite complete, in which 
case oxygen inhalation may enable some oxygen to get into the almost 
functionless areas. 

3. Greater reduction of oxyhamoglobin in the tissues. 

(i) Local chilling of a part (wdthin certain limits, p. 328), or rise of venous 
pressure which retards the circulation, wdll slow down tin* local rate of blood 
flow’ and so increase the reduction of the blood. 

(ii) Diminished blood How to the tissues in heart failure is accompanied, as 
noted (p. 450), by high oxygen utilization in the tissues. (!yaiiosis may not 
be present at rest, but the increased oxygen consumption wdiicli accompanies 
activity may be suHicient to raise the reduced luvmoglobin content to the 
reejuired level. 

The oxygen c,onsumption of the tissues must rise to 12 c.c. per KK) c.c. of 
blood How (normal =-b c.c.), i.e. to two and a half times the normal, before 
cyanosis can be produced by this factor alone. 

Certain clinical conditions will be more fully considered. 

(1) Congenital Heart Disease.^ —Some forms of congenital heart 
disease are not associated with, cyanosis, e.g. patent ductus arteriosus (p. 383) 
or septal defects in which the fl(iW is from the left side to the right side of the 
heart. In both these conditions the pulmonary blood How^ is actually 

^ Inhalation of 100% Go in pationts with chronic anoxia, e.g. cinphy.scma, may load 
to m<*nial change.s, coma, and (lc*ath ; the ccrcibrosyjijml fluid })ressur(> in high. The 
mochani.sni involved i.s obscure (Comroe pA o/., J. Amer. mad. A/iufK.y lOoO, J044). 

2 Wood, Brit. med. J.. lO.oO, ii. 639, 693. 



FA LLOT^S TETR A LOO Y 

incTeased and the venous blood is fully oxygenated in the lungs. In coarctation 
of the aorta the obstruction is in the aortic arch and is, therefore, on the 
systemic side of the circulation ; in this condition cyanosis may develop from 
peripheral causes in the distal parts of the body which are inadequately 
sup})lied with blood. 

Cyanosis of central origin is prestmt when there is a shunt from the venous 
to the arterial side of the circulation. This occurs most commonly in Fallot's 
tetralogy (scm? below). Cyanosis is rare in simple /mlmonary stenosis unless 
this anomaly is also associated with a shunt from the right to the left .side 
of the heart. 

rerij)h(‘ral factors may as usual increast*. th(^ ttmdcMicy to cyanosis, e.y. 
exercise, wliich raises the oxygen utilization in the capillaries, or external 
cold. 

Polycythaunia, t.e. an increase in the number of red cells per c.rnm. to 
7 or 8 million, occurs when congenital heart disease is associat(‘d with chronic 
anoxia. As it increases the viscosity of the blood the rate of How through 
tlie capillaries is slowed ; the capillaries are increased in width and number. 

Fallot's Tetralogy. —The abnormalities which constitute this syndrome are : 

(i) a small, narrow j)ulmonary art(‘ry ; (ii) a patent interventricular septum ; 
(iii) relative disfdacenient of the ascending arch of the aorta to the right so 
that its mouth lies above the patent part of the interventricular septum ; 
it conseciuently Tec(‘ives blood from both ventricles ; (iv) the cinmlation is 
carried on mainly by the right ventricle which is greatly hypertrophied ; 
tlu^ l(‘ft ventricle is atrophic. A considerable proportion of the right ventricular 
outflow is ]>umped directly into the aorta. The intensity of the cyanosis 
dejumds on the magnitude of this shunt of venous blood into th(‘ systemic 
circulation. Some of the ])atients are greatly helped by th(‘ following 
operation : one of the subclavian arteries is anastomo.sed to a suitable point 
on the })ulmonary artery.^ An artificial patent ductus arteriosus is thus 
e.stablished whch diverts some of the partially oxygenated aortic blood 
through the lungs. The results in a successful case are as follows : (i) a 
fraction of the venous return continues to pass from tlie right ventricle into 
the lungs through the narrow ])ulmonary artery ; (ii) in addition some of the 
aortic blood (which is, in part, venous blood derived from the right ventricle) 
is oxygenat(Ml further; this blood returns to the left heart and is again 
ejected into the aorta ; (iii) the oxygen content of the arterial blood reaching 
the tissues consequently ri.ses, sometimes markedly. Tn one group of patients 
the average arterial oxygen saturation rose after the operation from 49% to 
7H% (under non-ljasal conditions). The polycytluomia and the cyanosis 
decrease and the exercise tolerance is improved. 

(2) Mitral Lesions. —There is increased left auricular and pulmonary 
capillary pressure ; the resulting pulmonary oedema or swelling of the alveolar 
wall decreases oxygenation of blood in the lungs. 

(3) Heart Failure. —When heart failure develops from any cause, 
cyanosis is common. (Edema of the lung, hydrothorax, shallow breathing, 
all result in under-arterialization of the blood in the lungs. The diminished 
blood flow to the tissues produces capillary stagnation, high oxygen 
utilization and greater reduction of the blood, and therefore cyanosis 
(cf. p. 450). 

* Blaloik, Hull. N.Y. Aatd. Med., 1046, 22, 57. 
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(4) Trachkal and Bkonchtal Stkxosis. —In these conditions a normal 
d<?grec of contmctioii of the inspinitory nniscles and onlarjnrenient of the 
thoracic cavity leads to a snhnonnal intake of tidal air past the oiistniction 
into the alvecdi. Creat<*r r<*sf)iratorv efl'orts are constMiuently made ; but if 
the obstruction is siitliiMently scvmuv, even maximal r(‘spiratory cUbrts (pro* 
ducin" ^reat sul>j(‘cliv<‘ distress) do not pnidiice adecpiate alveolar ventilation. 
The alveolar tension falls because* tin* rate of passaiie of Go from the lun^s 
into the arterial bl(»od is ;^n‘oater than the rate at which fresh supplies of Og 
are obtain<*d from the outside air. (H)., a(‘cumulation occurs for the same 
reasons. AsphfiJ'iti (i.r. G^ lack plus (^Og excess) is thus j)n‘S(‘nt. In tra.(dieal 
stt'iiosis, art(‘rial anoxia, dyspmoa. and cyanosis are often well mark(*<l ; in 
bronchial stenosis, }io\vev(‘r, cyanosis is uncommem. At least one-third of 
the l)l()od must pass Ihroueh tin* umerated (‘liannel (which nn*ans that at 
least two-thir<ls of one lun,<»- must be shut off as a result of bronchial obstruc¬ 
tion) before cyanosis can ap|)ear from this cause (cf. p. 452). 

(5) In Asthma there is deficient pulmonary ventilation from bronchiolar 
obstruction. In Bronchiolitis there is patchy collapse of parts of the lung. 
The cyanosis of Emphysema is often very marked. It is in part due to 
inadequate ventilation of those alveoli through which the pulmonary circula¬ 
tion pa.sses ; there is therefore a lower(‘d oxygen saturation of the arterial 
blood and resulting (‘vanosis which is more marked during exertion or after 
the developuH'nt of heart failure (for full diseussiou sec* p. 451M. 

In Louar rxFJJAioNJA and <Kdkma of the Ltno there is arterial anoxia 
for reasons sulfieiently explaim‘d (pp. 447, 4l>'). 

Clinically, acNtv. jmeuinoUtorax is not usually associat(Ml with cyanosis ; 
if the lung c(>lla]>se is small (‘vaiiosis would not b(‘ ex]>(H*,t(‘d ; if the lung 
collapse is s(‘V(*r(*, tin* vessels are usually occluded aud the main symptoms 
are 'imin and difspmrn which need urgent treatment. In chnviic pneymothoraXy 
cyanosis occurs if the blood flow in the affected lung is not ])aralleled by the 
local alveolar vejitilation. The opposite lung is protect<*d to some extent 
from tlie effects of the raistul intrajdeural pressure by the presence of 
pathologically increased rigidity of the mediastinal structures (p. .‘)70), 

(G) Alteration ix the IJ kmooloiun of the Blood, - (i) Metluennh 
///o6/7?y/^/>oV 7.-~ Certain drugs ami poLsons, c.r/. clilorates or sulphonamides, 
lead to tin* formation of tHeflfrxuioglobrn, which giv(*s tin* blood a dark colour 
(p. 174). Some of the coal-tar preparations—a(a*tanilide, sulphonal, trioiial 
— produce, a similar residt. Methannoglobiiuemia, may also occur as a 
coagenifal disorder of unknown origin. Tlie admlFiistration of large doses 
of a.scorbic arid (e.g. ‘300 GtK) mg. daily) in th(\se })atients may lead to tlie 
conv«*rsion of much of the methaunoglobin into oxyhicnioglobin. 

(ii) Syljdi-fidmoglobinff inin. In this rare condition sul[jh-luemogIobiii is 
formed, giving rise to cyanosis of a leaden hue. I'he pigment is wholly 
intracorjuiscular ; its mode of formation is not yet clearly understood. It 
must be remembered that sulpli-haemoglobin is not formed in blood when 
excess of H2S is present in cases of poisoning with this substance. A strong 
reditcing agent of unknown composition is present in the blood, urine, and 
saliva in Bulph-hcDmoglobinsemia. If the serum of these patients is added to 
whole blood, reduced haemoglobin is soon formed. It has been shown that 
powerful reducing agents permit the formation of sulph-liaemoglobin from 
oxyhaemoglobin in the presence of minute traces of HgS. It is suggested that 
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the reducing agent found in the blood of these patients allows the normal 
traces of iIj,S which arc absorbed into the blood from the bowel to effect this 
conversion. A bacillus has been isolated from patients which bears some 
ill-understood relationship to the disease. It is readily recognizable, as it 
can disintegrate arnino-acids to form nitrites (“ nitroso bacillus ”). 


DYSPNOEA 1 

Dyspnoea—Normally, breathing goes on without intruding on conscious- 
TKJss. Dysf>nct^a literally means difficult breathing. Meakins defines it as 
“ consciousness of the necessity for increased respiratory effort.” When the 
breathing enters consciousness unpleasantly and produces discomfort, it 
is called dyspnrea. This definition is not entirely satisfactory because it 
excludes the grave disturbances of breathing which may occur in unconscious 
subjects in diabetic or urajmic coma). IJyperpnosa simply means in¬ 
creased breailiing ; for a time it does not impinge on consciousness, and so 
repn‘sents a stage preccMjing the onset of dyspnoea. An ordinary person is not 
aware of any iner(‘ase in the breathing until the pulmonary ventilation 
is doubh'd. l{(‘al discomfort develops when the ventilation is increased 
four- or fivefold ; this level of ventilation is called the djfspr^oea point. 
Dyspndia is not wholly a pathological phenomenon, for, as noted (p. 438), 
dyHf)na*a dev«'loj)s in normal subjects during strenuous exertion. 

The following factors r(‘(.jiiire further consideration 

(1) hiu-:A riiiN(J Rkskkvk (BR). --The maxiwal hrefifhing capacity (MBC) 
is the maximal voluntary pulmonary ventilation in \j p(*r minute, determined 
during a lo s(‘(*. p(*riod. The pulmonary v(»ntilati()n in L per minute at rest 
or under any other specifi^ai eonditions is designated PV. The breathing 
rcficrve (IMi) under the s])eeifi(‘d eonditions is MBC—PV. Th(* percentage 
hreafhing reserve (‘’oBK) is (MBC PV)/(MBC)X 1(X). It is also called the 
dyspnwit: index. If its vaiiK* falls below 00% (range 00-70%) dyspncea is 
generally j)r(‘s(*nt. The 'b JIR may be lowered owing to a decrease in maximal 
bieathing capacity (MBC) or a rise in j)ulinonary ventilation (PV)* 

Example: Normal resting person, MBC-^-i(K); PV—8; 92%. 

When owing to exerti<^n P\" in(T(*ases to 40L per minute the “.oBR falls to 
00\V'', and dyspmoa is pn*sent. 

(2) Vital Cacacitv. - A decrease in vital capacity decreases the maximal 
i)n‘atiiing capacity and thus the p<*rcentage breathing reserve ; it therefore 
[)nMlisj)OMes to ilyspinea. As tlie depth of breathing approaches the vital 
ea.])a(rity the sense of discomfort increases. 

(3) Mp:(mANiCAL Efpt(' 1 p:nov. -A person with a low mechanical efficiency 
uses more (‘uergy tlnin a normal ])erson to do a given amount of w’ork : his 
(>2 consumption and pulmonary ventilation are correspondingly greater 
and he thus develops dyspna?a earli(‘r. 

Pathological Dyspnoea.—The causes of dyspnoea may be classified as 
follows: 

^ Mi'aiija. Affr/zV/wp, U)24. .*100-410. Haldane and Prioslloy, Jtespirafion. now edn., 

OxforfI, loa."). Harrison, Foi/ura nf fhc (^irrntafioiu 2nd <*<ln., Baltimore, 1000 : Christie, 
Quart. J. Med.f 1008, 7, 115. Cournand et a/.. Medicine, 1048, 27, 243 ; 1940, 2S, 1, 201. 
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1. From Increased Metabolism.— Patients with exophthalmicgoitrehB.^^ 
an abnormally hij?h rate of metabolism at rest, and therefore their restinj^ 
pulmonary ventilation may be 50-100% above normal, dependinf; on tin* 
severity oi the ease. The vital eapacity is rtxluced in this condition, and the 
mechanical efficiency is lower than normal, e.g. only 15%. No dys])na»a is 
present as a rule at rest; but when doin^j work the patient is handicapped in 
several ways : (i) he commences with a high resting pulmonary ventilation ; 
(ii) being an inefficient machine, his ventilation increiises V’ery st<*eply, as Ik* 
has to liberate an excessive amount of energy to perform any task ; (iii) owing 
to the low vital capacity, subjective symptoms arise when the hyp(‘rpn(ea is 
yet moderate ; (iv) in some cases heart failure is an additional factor to be 
considered (p. 3S0). 

2. From Metabolic Acidaemia (cf. p. 00). (1) Some cases of nephritis 

show' an acida*mia, ow'ing to the failure of the kidney to excrete ade(juately 
acid radicals, chiefly phosphate. Breathing is therefore stimulated, and 
the ventilation may reach the dyspno'a ])oiiit. The increased breathing helps 
to restore the normal blood reaction by washing out COo : the (’O.^ t(*nsion 
in alveolar air and arterial blood is consecjuently v(‘ry low. In om* uraunie 
patient wdth a blood-urea concentration of 332 mg-^’,', tin* ])ulmonarv ventila¬ 
tion was 51 litres, the alveolar mm. Hg. and the total content of 

the blood only 12 The administration of alkali in adecpiale amounts 

temporarily restores the normal pH of the blood and abolishes the hyperpiKea 
or dyspnoea and the coma which may have* b(*en juesent. Tliere is not, 
however, a constant ratio in nephritis l)etween tin* degree of aeidsemia and 
the pulmonary ventilation, as the sensitiritg of the res])irat()rv centre may be 
depressed by the disease (cf, pp. 76, 77). 

(2) Ingestion of substances which give rise to acids iii the body, e.g. 
methyl alcohol (wdiich is converted into formic acid) and ammrmium 
chloride (which releases H+ ions) (p. 397), may produce rlyspnrea. 

(3) Diabetes MelUtus. In severe diabetc*s, acetoacetic and /Miydroxy- 
butyric acids are formed in excessive amounts, pass into the blood and are 
neutralized by the plasma bicarbonate. Compensatory hy})er])iKea de\'elops 
which lowers the alveolar and arterial CO, tension (]>. 102). Tlie brc’athing 
is slow and deep but easy, and tlie y>ulmonarv v»*nti]atiorj is rarely increased 
fivefold, i.e. to the dysjmo'a point. Wlien the breathing is truly laboured 
the patient is usually comatose so that no “ sul>jective ” dyspiuea is present 
(cf. pp. 102, 925). 

3. From Oxygen Lack. —Anoxic stimulation of breathing has already 
been fully dis(;ussed (p. 398). Anwmic and stagnant anoxia (except s(‘ver(‘ 
haemorrhage) tend to produce little increase in breathing at rest as the oxygem 
tension in the arterial blood is normal. In the anoxic form tl)e respiratfjry 
centre is stimulated refl(;xly by the subnormal oxygen tension in the blood ; 
and if adequate time is allowK'd for comyjensation to l)e establishcHl, the 
breathing may be very greatly inereasc'd (j). 400). 

4. From Mechanical and Nervous Hindrance to the Respiratory 
Movements. —In this group the main factor predisposing to dyspnoea is 
generally the decrease in maximal breathing capacity (MBC) and in vital 
capacity. In severe chronic pulmonary disease, MBC may fall to 20-30% 
of normal. Dyspnoea is brought on or aggravated when the pulmonary 
ventilation is increased from any cause. The fall in percentage breathirig 
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n\scrv(* (}). 155) is woll-cjorrolatod witli the uppearaiKJC and extent of the 
dyspna>a. 

(1) Bronchial Ohstrwtion and other Conditions assocAated with Pulmonary 
Collapse or Consolidation. —(i) If one bronchus is blocked breathing is stimu¬ 
lated ; tlH‘ degree, of d vs})noea is directly reflated to the speed and completeness 
of the collapse of the lung. ExpcTinumtally, the hyj>(*rpn(BM often di.sapf)ears 
on cutting tin; vagus on th(‘ alfected .side, indicating that it was rcjlejly 
produced. Anoxia may Ix^ an additional contributory factor (cf. j)p. 418, 
454). 

(ii) In acute clos(*d pneumothorax due to tin* introdiKitioii of a small volume 
of air into the pleural cavity, the respiratory rate is increased, but returns to 
normal after bilateral vagal section (Fig. 2(ib). [In acute I ary e open j)neuino- 
thorax the res[)iratory changes are difTerent (p. 368).] These observations 
suggest that in acute pulmonary collapse or consolidation from any cause an 
excitatoru vagal rdlex may be an important factor in producing increased 
pulmonary ventilation, cpiite independently of any changes in the chemical 
composition of the arterial blood. 

(iii) In mure, chronic conditions associated with collapse of the lung this 
vagal reflex effect may not be in evideiice ; thus in cases of chronic closed 



Fia. 266.—Reflex Effect of Closed Pn(‘umothorax on Respiration. (After Harrison, 

Failure of the Circulaiion.) 

Dog. Record of resfiirailon. Vagi intact. 2(X) r.c. of air introduced into pleural cavity 13 minutes pre¬ 
viously. Note ra]»ld shallow Ijre.atiiinu. At arrow, cut both vagi, iireathing becomes slow and 
deep. The llgiires uii the aitscissa show tiie rate of breathing per iiiiniite. 


pneumothorax, for example, the breathing at rest is quite comfortable. In 
response to exercise or to excess of (^0., in the inspired air, the breathing 
increases in a normal manner ; dyspmea, however, is pnjsent when the 
ventilation has increasc^d only threefold owing to the associated de.crease 
in maximal breathing caj)acitv. 

(2) Asthma .—In asthma, bronchial constriction is present which diminishes 
the vital capacity and prevents the easy passage of air into and (and even more) 
ont of the lungs (p. 400). During an acute attac'k, tlu^ brea thing capacity is so 
limited by the bronchial spasm, and the elfort needed to displace air from the 
lungs is so great, that intense dyspnoea is present ; the onset of asphyxia 
stimulates the respiratory efforts still further. 

(3) Paralysis of Respiratory Muscles .—Paralysis of the diaphragm, for 
example, or interference with its action by great abdominal distension pro¬ 
duces respiratory embarrassment especially wlien it is of sudden occurrence. 
Here again the breathing capacity is diminished. In severe oases the asphyxial 
element comes into operation and soon becomes the dominating factor. 

15 * 
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(4) Obsfrucfion to Main Air-way, —VVlien the resistanoe is slig}it, the 
hreathiiijr brc-onH\s slo\v(*r aiul deeper. If tlie resistanee is excessive and 
continues for a loiiir time, the^ breathing ultimately becoim^s iruTeasingly 
shallow ami more fn*qm‘nt. The alveolar ventilation becomes inadequate in 
consequence, and arterial anoxia develops ; if the obstruction is still more 
severe CO.^ n'tention also occurs. These points must be borne in mind when 
consulering the tdfects of wearing a rc^spirator. 

When the air-way is free, the hyperpncea of exercise can be maintained 
for a long time, but when the breathing is obstructed, the “ fatigued respir¬ 
atory centre cannot keep up the hyperpnoea of work in the normal manner. 

(5) Effects of Disturbed Pulmonary Circulation. —(i) Multif)le embolism 
of the pulmonary arterioles can be produced by intravenous injection of 
starch granules. With a moderate deiyree of embolism insufficient to produce 


LVa^us cub R.Vagus cub 



Fro. 207.—Keflex Effeet of Pulmonary Consreation on Respiration. (After Harrison, 
Failure of the Circulation, 2nd edn., H)39.) 

OoR. Kocord nf respiration. Vatri inlart. Pulmonary vfsaaels coiuzest(?(l hy injectinR fluid into pulmonary 
artery on one. side after liuature of pulmonary vein. .Vote rajdd sliallow hreathiuR At first arrow, 
i;ut li ft vjiRUs ; at 'i»‘cond jwrow. cut riirht vairii'^. Kate t)f J»reathiuK piT minute in shown by llRures 
on liHsi- line, lireathiuii beeomes slower and d»*e|HT. 

death, there is a great irujrea.se in the frequency and a diminished depth of 
r(*s])iratioii to half or one-(piarter normal. If the vagi are now divided slow 
respiration of normal de|)th devehtps. The nerve (‘tidings invoIv(Kl havtt not 
betui id«*ntified but are ])robably vaseular .stn'teli nna'ptors in the distal 
|)art of t he pulmonary vascular ImmI.^ 

(ii) If engorgement of the vessels in one lung is produced by obstructing 
the pulmonary vein, breathing beciomes much more rapid ; the effect is 
reflexly produced and i.s aboli.shed by cutting the vagus nerve on the 
affected side (Fig. 207). (Clinically, pulmonary congestion is associated with 
increased itulmonary ventilation, whicli is probably produced in the same 
way. 

Jn considering the yirodnction of dyspna>a. in (l) -(r)) alxwe, the prineijiles 
enunciatf^l on p. bafj should be ]>orpe in mind. 

Supposes that owing to pulmonary disease or other c.anse the maximal 
breathing capacity is reduced to 50 Ij ; if the resting pulmonary ventilation 
i.s 8 L, the %Hli is (50 8)/50x l(K)--84%, w'hich is above the level for 
dyspnena, Jf the jmlmonarv ventilation is increased by exertion, reflexly, 
or by chemical factors (U., lack, (’Oo exc(‘ss or asphyxia) to 15 L the %BR is 
(50 - 15)/T)()x 100- 00and dyspn(]ea i.s present. 

Suppo.se that the M13() is re<iuced to 50 L. An inrrea.se in the pulmonary 
ventilation to 12 L would lower the %BR to 00% and cause dyspnoea. If 
the MB(y is reduced to 20 L, dyspnoea will be present at rest if the pulmonary 
ventilation i.s 8 L. 

‘ Whillcridgi*, Physiol. Hec., lUfjO, ^0, 475. 
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(6) Empht/setna .^—The disease is discussed for (‘(Uivenienee at this point. 
Tlie chief sfructuml changes an* as follows : Tin* elastic framework of the 
alveoli is probably weakcmed. The walls of the air-sacs are stretched, thin, 
and ruptiin'd at many points, resulting in the formation of large irr(‘gular 
spaces. Many pulmonary capillaries running in the walls of the most distended 
air-sacs are ol)literated. The respiratory bronchioles are said to be dilat<?d. 
Post-mortem the lungs do not collapse readily (because of their loss of 
elasticity) ; tlie free margins are thinned out and show large bulbous cavities. 

Clitricalhf, important ha*mo-respiratorv changes are nott‘d : 

(i) The wlraplenral pressure is more nearly atinosp}i(‘ric than iiormal, 
indicating l(\csened elastic recoil of the lungs (p. 3bS) and olfering further 
evid(‘nce of damage to the pulmon¬ 
ary elastic tissue. 

(ii) Alterations take place* in the 
subflivisious of the lutuf rohiutc (Fig. 

‘iH8): 

(a) The residual air is increa.sed, 
mainly because the patient cannot [o 
em])ty his lungs by means of a full ^ 
expiration as completely as normal. ^ 

(b) The reserve air is decreased, 
but the resting lung volume at 
the end of a normal expiration 
(functional residual air) is g(‘iH*rally 
increased. 

(c) The vital capacity is reduced. 

{(i) In a mild case the tidal air average i 2 3 4 5 

and the total pulmonary ventilation normal case 

are fairly normal. showing tlie Lang Volume 

The reduction of vital capac^itv amlits Sul«livisions in the Xonual and 

m , . I . • ..1 ’ ii) Kinpio sema. ( uses are arrauixed troin 

obviously impair the response 

to exercise and induce dyspncea dyspima. (Lhristic, Bril. mcd. 1044. 
more readily. But as the resting i, Ith").) 
pulmonary ventilation is about 

normal one would have exp(*cted that tht*. gfaseous composition of the blood 
would be normal ; this, however, is not the case {infra). 

(iii) (a) The arterial blood usually shows decreased saturation of the 
haemoglobin with oxygen, indicative of a lowen‘d arterial Og pressure. In 
a mild case the saturation may fall to 90%, in an advanced case to 80% or 
less. Oxygen thera])y may be dangerous (p. 45*2). 

(6) The COg content and pressure in the art(*rial blood are raised the 
latter may be 70-80 mm. ITg. 

(c) There is no evidence of decreased pernioability of the alveolar epithelia 
to Og and COg. The impaired arterialization of the blood must presumably 
be due to ineffective ventilation of the alveoli. 

(rf) The cardiac output (in the absence of heart failure) is unchanged and 
so the total pulmonary blood flow is undiminished. 

(e) But, as has already been mentioned, many capillaries are obliterated, 
especially in the walls of the more dilated air-sacs. Atmospheric air which 
* Christie, Brit. wed. ./., IU44, i, 105. 
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reaches iioii-vasciilar air-sacs is wasted as far as arterializing the blood is 
concerned. Only a fraction of the tidal air readies vascularized functioning 
air-sacs, which are consequently inadequately ventilated in relation to their 
blood flow : the arterial blood is incompletely oxygenated and COg is retained. 
Inhalation of pure O.^ relieves the anoxia but <loes not reli(*ve the COg reten¬ 
tion and may be dangerous (]). 452). There is thus a state of anoxic anoxia 
with iMcreas(Mi liability to cyanosis (p. 454) and acidieniia due to COg 
retention; both tliese conditions, (‘specially the latter, tend to produce 
dysjuKPa. 

(iv) During exertion, breathing is stimulated by increased COg formation 
and retention, and by an aggravation of the anoxia. As the vital capacity 
is reduced, a moderate degree of hyperpncea producers considerable subjective 
discomfort, so that dyspna^a readily develops. If cardiac failure occurs 
(because of the overwork of the right ventricle in overcoming the greater 
pulmonary resistance) tin* dyspnma is aggravat(‘d. 

(7) Neurogenic Dyspnoea. —In certain organic diseases of the nervous 
system, especially if they involve the region of the hypothalamus (p. 710), 
deep or panting breathing at rest may be present, with the usual complications 
of overventilation at rest (Fig. 56). 

Shallow ra})id breathing also occurs in neurasthenia and other functional 
nervous disorders. 

5. Cardiac Dyspnoea.’—In mild cases of circulatory failure, dyspncea only 
develops with muscular eflbrt, but effort of an order which would not cause 
distress in a normal person. When failure is more marked dyspmna also 
occurs at rest, (i) It may occur when the patient is lying down, but not 
when he is sitting up (orthopnasa). (ii) It may be absent or miM in the morning, 
develops gradually during the day and becomes worse in the evening 
{evening dyspnoea), (iii) It may consist of paroxysms of dyspnoea, waking 
the patient up at night {paroxysmal dyspnoea, cardiac asthma), (iv) It may 
be periodic in character {Cheyne-Stokes respiration), (v) In extreme cases 
it may be present throughout the day, getting worse at night, and only 
relieved by opiates {continuous dyspnoea), (vi) Finally the dyspnoea may be 
aggravated by the development of pulmonary complications such as hydro- 
thorax, infarction or pneumonia. 

(1) Simple Cardiac Failure.—L(‘t us as.sume that the jirirnary disturb¬ 
ance affects the left ventricle, e.g. because of aortic incornpetence or hypertension. 
For a time the left ventricle responds to the extra load, contracts more 
vigorously and maintains an efficient circulation. As the left ventricle fails 
it begins to dilate, i.e. a certain volume of residual blood remains in it at the 
end of systole. This leads to interference with the emptying of the left auricle 
and a rise of pressure within it. If the primary disturbance is mitral stenosis, 
left auricular dilatation develops and as failure occurs, the pressure within 
it progressively rise.s. The venous return from the lungs is consequently 
hampered, leading to pulmonary congestion. This in turn (iiminishes the vital 
capacity and so lowers the dyspnoea point: it also reflexly stimulates breath¬ 
ing (p. 458). Gradually the right ventricle fails because its work is increased 
owing to the greater pressure in the pulmonary circuit. This in turn leads to 
right ventricular dilatation, rise in right intraventricular pressure (Fig. 150), 

^ Fraser, Lancet, 1927, i, 429 et seq. Christie, Quart. J. Med,, 1938, 7, 115. Harrison, 
Failure of the Circulation, 2Dd edn., Baltimore, 1939, pp. 186-313. 
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interference with the emptying of the right auricle, rise of right intra-auricular 
pressure and then an increase oj systemic venous 'pressure. Tliis rise of venous 
pressure reflexly further stimulates respiration. 

The patient with a failing circulation thus tends to have a higher 
resting pulmonary ventilation owing to the reflex stimulation set up from 
the congested systemic veins and pulmonary vessels. In cases of heart 
disease in which an adequate circulation is maintained, the metabolic rate 
is normal; but when heart failure develops, the metabolism for some un¬ 
known reason is often raised by 25-50% above normal. This, of course, 
means that the pulmonary ventilation at rest must be correspondingly 
increased. 

Effects of Exertiom. —During exertion the muscular movements reflexly 
stimulate breathing further ; the venous return increases, but as the heart 
cannot cope adequately with the increased load the venous and pulmonary 
congestion is intensified. As a result breatliing is stimulated, not only by the 
normal chemical changes in the blood produced by exercise, but reflexly also. 
Consequently, the increase in pulmonary ventilation for a given degree of 
work is greater than in a normal person, and the l)reathing returns to normal 
more slowly. 

If the exertion is more severe, all the factors enumerated above which 
stimulate breathing operate more powerfully. The heart is still more incom¬ 
petent to deal with the greater venous return and its output does not rise to 
the normal degree. The insufficient blood flow through the lungs leads to 
excessive CO 2 retention and an inadequate 0^ iqytake. The resulting anoxia 
and CO 2 accumulation further stimulate breathing. The blood flow to the 
active muscles does not iiicr<?ase in j)roportion to their needs, so that lactic 
acid accumulates progressively. It is also claimed that the bulTering power 
of the muscles is depressed for sorin' unknown reason so that a larger propor¬ 
tion of the lactic acid passes out into the blood, leading to aaidaamia and 
further increase in breatliing. Througliout it must be remembered that the 
dyspneea point is lowered owing to diminished vital capacity, tin' mechanical 
efficjency is subnormal, and tlie dyspnoea index is lowt'rcd (p. 455). 

Home of these considerations are summarized in Fig 20y. 

Other Contributory Factors.- TXxe, vital capacity and the breathing reserve 
are further diininislied in hc'art disease by coni|)Iications like hydrothorax. 
When the vital capacity is 70-90% of the normal, the patient is still able to 
do work, but dyspnoea develoyis on exertion ; when it is 40 70%, very little 
work can be done ; when it is below 40%, the jiatieiit is usually bedridden, 
with marked signs of cardiac insufficiency. 

If oedema of the lung develops or if emphysema is a complicating factor, 
anoxia of the anoxic type develops owing to imperfect saturation of venous 
blood with oxygen as it passes through the lungs. 

In some cases breathing is stimulated reflexly by the various factors to 
such an extent that the alveolar and arterial CO 2 tensions fall and alkalosmia 
of the arterial blood results (p. lOl). In other cases impaired elimination 
of CO 2 may be the dominating factor with resulting acidiemia even at rest. 
Secondary renal failure may complicate the issue with further retention of 
non-volatile acids (p. 76). 

(2) Ortho PNCEA. —In these patients it must be supposed that owing to 
venous and pulmonary engorgement and reduced vital capacity the breathing 
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is initially close to the abnormally low dyspruca point. Under sucli circum¬ 
stances any factor further stimulating breathing induces actual dvsj)rKBa. 
When the patient moves from the upright to tlie r(‘cumbent position there is 
a shift of blood from the abdomen to the thorax, with greater congestion of 
both the right auricle and the lungs : the breathing is consec|uently further 
stimulated and the vital capacity is further reduced (f>erhaps l)y as much as 
25%). In addition, the associated high position of the diaphragm mechanically 
embarrasses breathing fis a greater elTort is now needed to move tluj enlarged 
liver and the other abdominal organs. Dyspnma consequently develops 
rapidly in the recumbent position 
(orthopncea). At a later stage 
dyspnma may occur even in the 
sitting position. 

(3) Paroxysmal Dyspncea.— 

The attack generally sets in at 
night; the patient wakes up 
with a feeling of anxiety and 
o])pression in the chest. He sits 
up, or even seeks the window for 
more air ; his heart is pounding, 
he starts to cough and soon lie 
is suffocating and fighting for 
breath. The dyspncpa is very 
distressing; the breathing is 
noisy and there may be bronchial 
spasm. There are signs of raised 
pressure in the pulmonary bed, 
e.g, palpable systolic pulsation 
over the right ventricular conus 
and pulmoiiarv artery, succeeded 
by a distinct shock as the })ul- 
inonary valves close. The cough 
is unproductive at first, but soon becomes associated in s(*vere attacks 
with a little frothy sputum, which is possibly blood-stained. In grave 
cases bubbling noises can be lieard oA^er the whole clnjst owing to tlie 
development of severe pulmonary oedcnia and there is a profuse expectoration 
of pink frothy fluid. 

Tlie mechanism of production of the attack lias been much discussed. It 
is usually associated with pnlhnniarff coHf/rslIftn and raised pvhauaarg renoas 
and capillary blood pressure. Jn some fiatients the secpienec' of <*vents may 
be as follows : The patient is the suhject of some circulatory disorder that 
predisposes to tJie development of l<*ft ventricular IVdiure and of dys|)n(i*a. 
(e.g. arterial liyperteiision. coronary artery disease* or aorth* dist*ase). In 
such patients a short bout of voluntary coughing induces ra.|)id breathing 
for some time (Fig. 270) which is attiibutctl to pulmonary congestion. Even 
a voluntary deep breath may induce coughing and so give rise to an attack 
of dyspiia^a. Severe cougiiing, by obstructing the venous return from the 
lungs, may lead to such intense pulmonary cong(*stion that wdema of the 
lungs develops. The following explanation is offered for the frequency of 
occurrence of the attacks at night. One may suppose that at night, while the 



Fia. 270 .—Effect of Bout of Coughing on Breath¬ 
ing. (Harrison, Failure of the Circulation, 
2nd edn., HKJ9.) 

Patient with conpestlve heart railure. Reponl of breath- 
ins. Voliiittury bout of coushins for 1 uiimite. 
ThlB Ib rnilowed by more rapid breatliins. Kisures 
on abacissa represent rate of breathing per minute. 
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patient is asleep, a good deal ol iniicus may collect in the tracheo-bronchial 
tract e^specjially in a somewhat hroncliilic patient; coughing develops, and 
the patient is woken up. The respiratory centre sinniltaneonslv “awakes ” 
from its previous depressed state (cf. p. 40*)), its retlex excitability increases 
and the attack of coughing becomes more s(*vere and induces pulmonary 
cong(\stioii and (iyspiima ; the attack may progress to pulmonary (Bdeina. 
Any otlier factor (hn^eloping iit night which reflexly stimulates breathing 
may induce an attacrk. A dose of morphine deprt'sses the respiratory centre 
and so ])revents tin* onset of dysjino'a. 

Tn other cases the ])rincipai causal factor may be the actual d(*velo]>nHmt 
(for various reasons such as decreased coronary f)l()od (low) of acuite l(»ft 
ventricular failure, whih* the r'njht cvntriclr for a iimr goes ok fuuctioKing 
nortnally. The impaired efficiency of the left ventricle leads to congestion of 
the left auricle and consequently of the lungs, which is aggravated by the fact 
that the right ventricle initially discharges all the blood it receives in a normal 
way into the lungs. The congesti*)!! h‘a.ds to reflex stimulation of breathing 
and pulnionary cederna ; the dyspna;a is aggravated by (dicmical changes in 
the blond resulting from bronehial sj)asm or pnimonary (cdeimi (ef. ]). IL7). 

6. Cheyne-Stokes (Periodic) Breathing. —Periodic breathing occurs in 
a variety of disease conditions and is usually a symptom of considerable 
gravity : it is probably not always produced in <‘xai‘tly the same way. 

(1) Experimentally, if the intracraKial pressure is raised, no elfect on 
respiration is observed till the pressure of the compressing fluid is almost 
equal to that in the carotid artery ; at this stage there may be an inerease 
in depth and frequency of respiration. If the intracranial pressure is raised 
further, apnena develops from intense anaunia of the respiratory centre ; this 
is often followed by ])eriodic variations in both blood pressure and respiration. 
The sequence of events is probably as follows : medullary anaemia stimulates 
the vasomotor centre and the blood pressure gradually rises ; as the medul¬ 
lary blood supply is restored the respiratory centre revives and breathing 
restarts either as a few uniform breaths, as a dwindling series, or as a group 
of breaths which rise to a maximum and then dwindle. Owing to the im¬ 
proved local circulation, the stimulus to the vasomotor centre is decreased 
and the blood pressure falls once more ; with the return of medullary 
an®mia the breathing fails again. It will be noted that the respiratory 
centre succumbs rapidly to acute anaemia (p. 401) while the vasomotor 
centre, on the other hand, is for a long while stimulated to increased 
activity. 

This type of periodicity of blood pressure and breathing has been o})served 
in clinical cases of raised intracranial pressure (e.g. cerebral tumour, hcTmor- 
rhage or abscess).^ 

(2) Periodic breathing may occur in urcemia (p. 77) and heart failure. 
In the former condition tlie. respiratory centre, is (h.‘pre.s.se(l by r(*tained Jiu'ta- 
bolic products, or distur])(*(l acid-base })alance. Owing to the f(u4)l(‘ stat<^ of tlie 
centre, shallow breathing results, wliich in its turn, becausti of the uneven 
ventilation of the lungs, produces anoxia (p. 447), whieJi gives rise to periodic 
breathing. First, there is an increase in the breathing which somewhat 
improves the oxygenation of the centre and wash(;s out COg excessively 
from the blood. This is followed in turn by dwindling of tlie breathitig find 

^ Rysli-r, J. prp. Med., 1008, .V, aUri. 
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apncea. During this jjciriod CO^ reaccumulates and oxygen lack develops 
once more and the hreathing r(‘.sumcs. 

Tlie administration of oxygen to improve the nutrition of the centre, 
or of COg to a(!t as a respiratory stimulant, abolishes tin? periods and estab- 
iish(*s regular breathing, huproveinent of the (M*r(il)ral circulation resulting 
frojn tr(‘ating the cardiac failure j)roduces more lasting beindit ; similarly, 
renal failure should be siiitablv tn^ated. 


REGULATION OF BODY TEMPERATURE ' 

The normal body tein]aM*ature at rest is about 97-9S'' K. (3b-.‘i7° C.). In 
In^alth it is always kept fairly close to this level by maintaining a balance 
bt^tween heat gain and h(‘at loss. 

Heat Gain. — Jleat gain is due to (i) heat produced in the body and (ii) 
heat taken up under certain circumstances from the rurirotunent. 

(1) Heat Pkoduction.- -As exj)lained on ]). 378, heat production under 
standard resting (l)asal) conditioiis is one Calorie per kg. of body weight per 
hour, or 37 40 Calories (dep<*nding on sex) per square metre per hour. This 
output works out at about J7(M) Calories })er day in an average man and 1500 
(\ilori(‘s in an average woman. Moderate physical activity increases heat 
j)iodnction to a total of ‘2r)(K) 30(K) Calories jxn* day ; if very heavy work 
is done the total heat out])Ut may rise to 7000 (’alories or more, ])er day. 
Short l)ursts of extremely severe ex(‘rcise may increase* heat i)roduction 
temj)orarily to JO JO times the basal level. The " s[)eeiOc heat" of water 
is 1, i.e. one (small) calorie raises the temperature of 1 g. f)f water by 1 C. The 
sp<^ciOc heat (>!’ jihysiological saline, and therefore of the body (which is 80% 
water) is also, ap])roximately, 1. Thentfore, if then* were no heat loss, the 
temperature of the body under basal conditions would rise by I"" (-. per hour, 
and under conditions of nornial activity it would ri.se by 2^ C. per hour. But 
so etlicient are the mechanisms for bringing about heat loss that only when 
work is Jieavy or when the environmental conditions interfere with tlie. heat 
loss mechanisms does the body temperature rise well above the normal 
range. 

(2) Heat Gained from the Environment.- -The body can take in heat 
from objects hotter than itself : (i) l>y direct radiation from tin* sun or heated 
ground, or (ii) by reflected radiation from the sky. This type of heat intake is 
ind(q)endent of the temperature of th<» air. The amount of heat gained by 
radiation can be reduced by wearing garments whicli reflect the radiations 
or by making us(^ of any available shade. In tlie hot desert the body takes 
uf) more, heat when naked than when covered by thin white clothes. 

When, how(*vt‘r, the air tem})eratur(> exceeds that of the skin, the body 
surface tak<*s up in addition ln*at from its immt*diate surroundings ; this last 
sort of heat gain is a gr(*at burden to people living in hot climates. 

^ Dill, Life^ Heat ami AUiindi% Cambridge, .Mass., |U38. Adolph, Physiology of Man 
in the Desert, N.V., 1947. Malclii and Harch, Physiol. Rev., 1947, 27, 200. Newton, 
Recent Advanccsin Physiology, 7th edii., London, 194‘.), p. 1. Newburgh (editor). Physiology 
of Heat Regulation and Science of Clothing, Phila., 1949. 

^ Cf. footnote J, |». 375. 
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Heat Loss. .Hoat is lost from tlio body in several ways : 

(i) By radiation iroiii the body to cooler objects at a distance. 

(ii) By conduction and conrection to tlie surrounding atinospliere if its 
temperature is lower than that of the body (or rathiu*, tliat of the skin). 
The air in immediate contact with the skin is warmed ; the heated molecules 
move aw^ay and cooler ones come in to take tiuur place ; these in turn are 
w^armed and so the jnoccvss goes on. These air movements constitute con¬ 
vection currents. 

(iii) By evaporation of water. The essential fact to reiiKMiiber is that when 
1 g. of water is conv<*ited into wator vapour, O oS C’aloric of heat is needed 
and has to l)e taken up from the environment ; this lieat is known as the 
latent heat of vaporization and is fn<‘asure<l in Calorics jxu* gram. Thus 
when 1 kg. (approximately 1 litre) of water evaporates. bSO Calories are 
taken from the immediate surroundings. Evaporation of water takes place, 
from tile lungs, and from the skin. Erapnrafifot of sweat is the principal 
means of heat loss w hen the body ttmiperature tcuids to rise. 

The dilferent methods and routes of heat loss an* considfU'ed more fully 
below\ 

(1) Kadiation.- The magnitude of heat loss (or gain) by radiation 
depends on tlx*, size of the bodij surface anti on the av('rage temperature 
difference between tlx* skin and the surrounding obj(‘(‘ts. Tiie part j)layed 
by radiation, as already imiicated, varies widely witli climatic conditions. 
In a temperate climate, a resting j>erson (wearing ordinary clothes) loses 
about 60% of his heat juoduction by radiat.ion ; if lx*, is working, although 
heat production is increased, there is no signiHcant increase in the absolute 
amount of heat lost by radiation b(‘caus(^ the skin and body temjierature 
rises only slightly. (During work the perventatje of the total heat loss wdiich 
is due to radiation oliviously becomes sinalh‘r.) 

(2) liUJ?JOS.~- Tlie expired air leaving tlx^ lungs is saturated wdth w’ater 
vapour at body temperature ; this wattfr is derived l>y va])orizatioii from the 
moist mucous nxxnbranes of the respiratoiy passages. The a iixaint of winter 
vapour taken up depends on tlx* initial state of the inspired air ; when dry it 
takes up a good d(*aJ but wlxui saturated witli water vapour it takes uj» none 
at all. On an av<xage (for wliat such a figure is wxirth, considering the range of 
atmospheric conditions) tlx; water loss from tlx* lungs is about 300 c.c. per 
day, eijuivalent to a ix-at loss of nearly 200 (’alories {i.e.. 3(X)X0’5^^ (Jalories). 

Some body ]x*at is also lost via the lungs l>v raising the temperature of the 
inspired air to body temperature; therefore an increase in pulmonary 
ventilation (especially w]x*n the air is dry and cool) increases heat loss. 

(3) Skin. — Heat loss from the skin ocemrs by : 

(i) Conduct ion-convection to a degree wdiicli varies with the temperature 
gradient between the skin and the surrounding atmosphere. Skin temperature 
varies directly wdth its blood How ; the calibre of the skin vessels, esi)ecially 
those in the hands, feet, and face which are under intense vasomotor control 
can be nicely adjusted to varying body needs. External cold produces 
cutaneous vasoconstriction and consequently reduces skin blood flow and 
decreases beat loss; external heat has the opposite effect (cf. p. 327 ; Fig. 
198). 

(ii) Evaporatioyi of Water. Insensihle Perspiration and Sweat. —Water is 
lost from the skin (a) by insensible perspiration ; (h) by sweating. 
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(a) Insensible PersjHmUmt,^ —14ns coiisisis of tlie passage ol' water by 
diffusion through tlie (•j)i(l(‘niiis (it is (-ailed “ inseiisibh^ ” because it cannot 
be seen or felt) ; tin* lluld lost is not fonned by sweat glands. It aiiioiiDts 
to 600—800 c.c. per 24 hours, (Mjuivalent to a li(‘.al loss by ev;ij>oration of about 
400 Calories. It is produced over the whole body surlac-c* at a fairly unifornt 
rate and is largely inde|)endent of (*nvirouin(uital conditions. 

{b) Because of its outstandiiig inij)ortance in tein]>orature 

regulation this mode of li(‘at (and water) loss rec^uires (h'tailed discussion. 

Sweat Claxjjs.— 14.iere are two kinds of sweat glands in man. 

(i) Eixrine, which are distributed generally over tln^ body surface and 
secrete a dilute solutioji contjiining sodium chloride, urea, and (in exercise) 
lactate. The >JaCl coJieeuiiation is variabh*, y.c. 01 0-47‘!t,, depends on 
t he lev(d of co/7.(co/y/ acticily. Eccriiic ghunls are densest on the palms and soles, 
next dense on tiie lu^ad, and much less dense on the trunk ami extremities. 

(ii) Apocrine -- glands found jnainly in the axilla? and round the 

iiipphis, and in the female in the labia majora and mons pubis. They form a 
secretion of varialde coni])ositi<»n and of characteristic odour.^ 

Secretion of Sweat.‘t- -'.rhe sweat glands are. .supplied V»y c-holinergic 
fibres pnvsent in tlie sympallndic? n(*rves (p. 181). Secretion is produced by 
direct or reflex stimulation of the eontivs in tlie spinal cord, nuMlulla, hypo¬ 
thalamus or eendual cort(*x. Sweat .secretion is ineniased in the following 
conditions : 

(i) With rise of ext.(‘rnal <»r of body temperature ; this so-called thennal 
sweadny is prodii(?(Hl iii two ways : ((/) by the rise of body temperature directly 
affecting tlie brain (-(‘iilres, probaldy in the liy})othalamiis ; and (b) retlexly 
from the .stimulated “ warm " nerve endings in the. skin. 

(ii) Jn (‘motional states (nte.niol sn'cotimf) ; this type is limited as a rule 
to the ])alms, soles and axilla*, though in (‘xtremi* castes it may become more 
g(m(*ralizfid. Mental sweating is due to impulses 8(?ijt out from the higher 
ccntr(?s. 

(iii) In exercise ; both thermal and mental iactors ])lay a part. 

(iv) Sweating also occurs (o) in nairsea and vomiting ; {h) in “ motion 
sickness, fur instama* on shi|;.s or in aircraft ; (c) in asphyxia or anoxia, and 
((/) during normal sleep in children and adults. 

In cold environinents sweat .s(‘cretion may be negligible. 

The maximnni rate of sweat secretion in om* hour may be as high as 1-7 
litr(\s ; 8-]l litres may be lust in 5 8 hours. More usually the 24-hour 
maximal s(K;retion is 12 litres. In the dry, torrid heat of Boulder City, 
Nevada (maximal shade ttuujierature ' C., liuniidity 6-3()'!o)» sweat 

^ .NTcwlMirgh and Johnston, l^hifsioL //i r., 1J>42, I. 

- Yas Kuiio'h views on the fuiu'tion.s of axillary sweat are intercisting, even if they may 
fail to (?ornmand general assent. U’lie f()llow'iiig is an iindistorted suiiiiuary of his writings. 
The axillary sw'cat smells most strongly ami peculiarly and is ** suf)erior in attractive 
power to the scent of the sexual organs or of any oilier pa rts of the body.” 11 has developed 
especially in man because owing to the erect posture scents from the sexual organs or 
from any of the lower parts of the body are not usually perceptible, '.rhe axilla is advan¬ 
tageously placed, and so its scent can act more efl’eetiv(?ly. 11 it be true that axillary scent 
has an attra(?tion for the other sex then the fact that it is suddenly discharged in emotional 
states becomes of great, signifu-ance. The scented vajiour would be retained in the axilla 
a.n(l be disseminated oceasionully wdien the arms w-erc moved, and would not be dissipated 
rapidly as elsewhere. (The phrasing in the above pas.sage is mainly Kuno’s.) 

“ Kuno, Physiology of l/umau Perspiration, London, l‘.K{5. 
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output was (in one subject) 79 litres in 14 clays (i.e. 5*5 litres per day). Every 
litre of sweat whicli is evaporated from tlio skin leads to the loss of 580 Calories 
of heat from the body. The evaporation of 1*7 L (the maximum value for 
1 hour) results in a heat loss of 1000 Calories ; that of 12-0 L (the maximum 
for one day) gives a h(?at loss of 7000 Calories ; that of 5*5 L (the maximum 
average for a day, recorded over a period of days) gives a heat loss of 3(XX) 
Calories. If the sweat does not evaporate from the skin but is wipcid away 
or merely runs down the body, no heat loss occurs at all. Sweating under 
such conditions is just a useless or harmful form of fluid loss. 

By varying tlie amount of sweat secreted, the amount of heat which the 
body can lose can extend over an immense range. When the external 
temperature exceeds that of the body, evaporation (which in practice means 
evaporation of sweat) is the only method of heat loss available. Heavy 
sweating involves a rapid loss of water together w'ith sodium chloride from 
the body ; dehydration and also salt dej)rivation will occur, witli the usual 
consequences, (p. 6G) unless enough water is drunk and adequate amounts 
of salt are taken. 

When the external air is not only hotter than the body but is also 
saturated with water vapour heat loss becomes impossible because tlie sw’eat 
cannot evaporate. Thus, in a dry room at a temperature of 240°~2G0° F., no 
rise of body temperature occurred ; on the other hand, a stay of 15 minutes 
in a rnoist room at 130"^ F. may raise the body temperature to 1(X)° F. 

Temperature regulation has priority over the maintenance of wafer and salt 
balance ; sweating will thus continue even though it produces severe de¬ 
hydration and marked salt loss ; it is arrested only by circulatory failure. 

As sw’eat comes from the blood, raj)id sweating demands a large cutaneous 
blood flow, and therefore dilation of the skin blood vessels. This vasodilatation 
is brought about by (i) external heat acting directly on the vessels, (ii) refiexly 
from the cutaneous warm endings and (iii) by the rise of blood tempera¬ 
ture acting directly on the vasomotor centre (p. 327). The cutjineous 
vasodilatation decreases the i)eripheral resistance, lowering the diastolic 
pressure ; but on the other hand it increases the venous return and th(^ cardiac 
output (as shown most readily by the reduction in the circulation time (p. 262)). 

Normal Temperature Findings.^ —The temperature can be recorded in 
the mouth, axilla, groin, rectum or stream of urine. Whatever the method 
or site used the aim is to determine indirectly as accurately as possible the 
temperature of the blood and thus of the deeper ti8.sues : therefore it is the 
maximal temperature recorded after a suitable interv^al which should be 
noted. Using a so-called “ half-minute ” thermometer ^ and taking readings 

^ Sec the chapter The Thonnoraeter," in Thomas Mann, The Magic Mountain, 
(English translation.) 

* It is perhaps unfortunate that the clinical thermonicterR in common use have 
inscribed on them “ half-minute ” or “ two minutes.” The person using the thermometer 
is thus misled into believing that w'hen it is kept in the mouth or elsewhere for the 
specified time it records accurately the b(jdy (i.e. the hkwfl) temperature. The figui?es 
on the thermometer do accurately indicate its physical properties under specified, tost 
conditions outside the body ; thus the figures give the time that it takes the thermometer 
to record accurately the temperature in a thermostatically controlled bath of water. But 
when the thermometer is used clinically under very dilfcrent physical conditions we must 
allow enough time to elapse to permit the thermometer in the mouth, groin, or axilla 
to attain temperature equilibrium with the blood ; the curvc;s in Fig. 271 show that the 
thermometer must be kept in position for three minutes or longer to achieve this end. 
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at half-minute intervals, it is found that a constant maximum reading is 
obtained only after three to four minutes in the mouth, and after a longer 
time, up to five or even seven minutes, in the axilla or groin (Fig. 271). The 
maximal temperature in the axilla is lower by 1° F. or more, than that in 
the mouth (or lower still in thin .subjects) ; the maximal temperature in the 



*i!lNUTES MINDTF^. 

Km. 271.—Time taken to got a (%»nstant Ttnnporatun* Pu'aciing in 
Mouth, (Jroin, ainl Axilla. (Samson Wright.) 

groin a])proximates more closely to that in the mouth. Rectal temixuature 
is about 0*5-0*7° F,, and the temperature in a stream of urine 0*3-()*5° F., 
above the maximal reading in the mouth. 

Effkct of Local (Jo.mjitions on Mouth Thmimckature The mouth 
reading is affected by local conditions : 

(i) A misleadingly high reading is obtained (a) immediately after a hot 
drink {e,g. one or two cups of hot tea (Fig. 272)) when the temperature of the 
tcmiporarily wanned mucous membrane of the mouth is being recorded (and 



272. -EfTV'ft of a Hot Drink (one or t wo <Mips oftoa at 
, drunk at ])oint shown hy arrow) on Month Teinp<*ratiiir. 
Notr the rise orinoutti tenipemture to 101-5 lO’J-C® F. 


not that of the blood), or (b) after any meal because of the lH*at produced by 
the active muscles of mastication and the salivary glands. 

(ii) A misleadingly low reading is obtained : (a) after a cold drink (e.g. 
one litre of ice-cold water (Fig. 273)) which cools the mucosa ol tin' mouth, 
(h) if the nose is blocked, preventing the mouth from being closed ; or (c) if 
sweat is evaporating rapidly from the skin of the face and so cooling it. 

Diurnal Variation —To obtain useful records of diurnal variation the 
subject is asked to determine his mouth temperature every hour tliroughout 
the day and night for 72 hours, taking the precautions called for from w^hat 
was said above. 

The only way to get regular niglit readings is to have at the l)e<l8ide an 
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DIUHXAL TEMI^KRAT! RE VARIATION 


alarm clook siiital)ly sot- to wakt* t lio siihjoct uf) at' suc.cessivo hour. The 
value of the teuiperature readinjis is considerably enhanc.ed if a careful note 
is made at the time of vvluit the subject is doiiifi, with spc’cial reference to 
work, food, slet*]), room temperature, Jieart rate, and resf)iration. Illustrative 
records are set out in Fiirs. 274. 275, 27b.^ 

Fi; 4 . 271 shows that the body teuiperature may lliH*tuat(‘ duriiij? the day 
b(‘iween 9l)'2^’ and 9t)’2 F., Fii!. 275 between 9lt2'^ and !hr5'' F., and Fif?. 
271 betwi'on nearly and ‘.)5 F. A diurnal variation of b"’ F. may thus 
occur in any one normal person. The jiossible i‘xtent of the. “ tolerated ” 
diurnal variation is not always fully appreciated, because it is \’ery unusual 
tt> take records at frequent intervals diirinju tie* niuht in normal p(‘rsons. 




I’lf;. nf Cold Drink on Month 'l'efn|)rra- 

tUH'. (Santson W'ri^iit.) 

In A tli»* wa-t lUunk quickly as in U in 12 niinnti's. TIu' 

mouth tt'inia.Tatun- full to U.') ami ivtiirm-<I vory s^lowly to normal. 


and it is commonly at tfie inconvenient hours of 2 b a.ni. that the iriinimurn 
temperatunis are observed. 

Fig. 27b shows a close correlation betwf*en mouth temperatunt and heart 
rate, confirming tin? well-known (dinical dictum that tlie lieart rate varies 
liy 10 beats ])er minute for every 1 F. change in body temjierature.^ 

The diurnal variation is fundamentally related to the rhythm of sleeping 
and waking (Fig. 27b), The temperature falls progressively during tlie earlier 
hours of sleep, but begins to rise onct* more in the later hours. 

The normal temperature rise during the day is due to muscular activity 
and associated lieat production. During sleep the temperature falls, partly 
because of bodily inactivity but also because of less perfect temperature 

^ Such cxyjcriiricnts arc of <»rcat valuta in t<'achiug a student the extent of the range 
of tlie normal, in himself and his friends, of seeera) .so-ealled “ physiological eon.stants.” 
The student also learns to apjireeiate the fundamental diflerenco between an average. 
value and a normal range^ a distinctitm which is of the utmost importaneo in many 
branches of physiology and medicine. 

’ The curves also illustrate the. wirle range of the heart rate in a normal person even 
at rest; the range at rest in t his instance is from a so-ealhid “ bradyeardia ” (pulse rate 
of 60) to a “ slight taehyeanlia ” (pulse rate of 00), according to the lime of day and the 
associated body temperature. 






ROOM TEMP. MOUTH TEMP. 


DIURNAL TKMPKIIATURE VARIATION 



AM rU AM PM AM P.M. 

Fia. -74.— Diuniiil X'ariatinn of fiody Tcuipcratun*. 
(Saiiison Wri'^ht.) 



Kiu. UTo.— Diurnal V^•^^iati()n «»!’ liofly Toinprraturc in Kolation to Exf^ 
Tcinporatiin* ami Botlily Artivitics. (iSanisrui \\’riglit.) 



P.M. AM. P.M. AM PM AM 

ElO. 276. -Diurnal Variation id' BaJy IVinpi'rature and 
lUairt llato. (Samson Wright.) 
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EFFECT OF EXERCISE ON TEMPERATlllE 


regulation. When a healthy man is kej)t in bed the normal type of diurnal 
temperature variation takes place, but tlie evening maximum is not so 
high. 

A reversal of tlie ordinary daily routine, e,g. on going on to night work, 
ultimately reverses the temperature curve. This does not occur during the 
first night, for at the hour of the usual minimum (e,q. 1 a.rn.) there is an 

imperative desire to sleep. After a few days, acclimatization takes ])lac(* and 
the sleepiiK'ss passes olT. 

In the tropics the body temperature is about 1^ F. above the normal 
range found in t(*mp(‘rate zones. In nervous p(‘o|)le, and es|)ecially in 
children, elevations of tem])erature oecur for wliicdi there is no adecpiate 
explanation. 

Ack.—T he tem})erature in infanls is irregular at first, but ])eriodicity 
gradually «ets in with the development of regular periods of activity and rest. 
Temperature regulation is imperfect: a fit of screaming causes a rise ; a 

cold bath may lower the t(*m])era- 
ture by 7^ F. In the (ujed the 
temperature is subnormal : the 
body is less active, tlu* cinuilation 
is feeble, and there is less ]i()wer 
of compensation for changes in 
external temperature. Old peoph* 
are intolerant of extrenu's of ex¬ 
ternal tern perature. 

MKXSTUi ’ATI o X. -1)uriug imul- 
struaiion the average tempera- 
tun* is at a miniminii. Tt rises 
slightly during the next 14 days: 
the waking tempera tun* (recorded 
in bed) is said to sh(»w a dis¬ 
tinct rise at about tlie time of 
ovulation. 

Exercise. —liodily activity greatly increases heat production ; only 
25% of the energy liberated by the chemical chang(is in muscle is converted 
into work, the balance being evolved as heat (cf. Fig. 265). Tlu* effect on 
body temperature depends on the extent to wdiich heat loss can be increased 
to make up for heat production ; this in turn depends greatly on environ¬ 
mental conditions. After a three-mile mcv. temperatures as high as 103'" 
F. have been recorded in athletes. A sharj) 15 minutes’ walk may raise 
the temperature by T F. (Fig. 277). When four and six miles are c/overed 
in one hour’s walking the tcmiperature may rise by 2^' and 4" F. resjH^ctively. 
The transient pyrexia is unaccompanied by any ill-effects or f<*elirig 
of discomfort and is in some w^ays helffful. It increases the breathing 
and pulse rate, and facilitates the dissociation of oxylucmoglobin in tluj 
tissues.^ 

* In patient.^ with pulmonary tuhercvloMfi oxerr-isf* prod hops nn oxppssivp rise c»f 
temperature, which is due in part to the work done, and in pari to toxic ahsorydinn ; f his 
fact is of value in diagnosis. An afehrile phthisical patient and a normal control were 
allowed to walk up a slight incline of SJ miles in 11 hour. The average rise of temperature 
(rectal) in the control was 10® F., and in the patient l-C® F. 



Fig. 277.—Eft’ect of Moderate Exercise (a Sharp 
Walk of IT) minutes’ Duration) on B<»dy 
Temperature and Heart Hale. (Samson 
Wright.) 
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Role orNEUvors System in Tempehatuhe RecjulattonJ— Tenipcrature 
regulation is a liij^lilv eo-ordiimted function dcpendinjjr fniidanieutaHy on th<; 
activity of the c(Uit:ra] nervous system. Two mechanisms are involviid : 
(i) reflex ; (ii) central. 

(i) Stimulation of cuta.n(*ous ternperatun* nerve* endings redh'xly sets up 
a]>|)re>priate hodily n‘sponses, c./;. sweatin*^, vasomotor changes. 

(ii) TIu^ lemperatiin* of the hlooel bathing the h/jpoflfalamus directly 
atT(‘cts it and likewise S(‘i;S up approf)riate T(‘actions ; thus warniirifr the blood 
in the carotid artery and, more specifically, lieatinjj the region of the anterior 
hyf)othalanius, results in the manifestations of’ heat loss, c. 7 . cutaneous 
vasodilatation and sw<?atin^ (cf. p. '171). .An injury to the aMcrior hypo¬ 
thalamus in animals does not impair the normal reaction to external cold, 
hut annuls the normal increase in heat loss wliicli occurs in liot environments. 
An in jury to the posterior hy]>ot lialainus like\vis<* aholisluis tlje responses to 
external heat because the descending fibres from the anterior hypothalamus 
are in(erriipt(*d ; but in addition the res}KUis(* to cold is also abolished. 
The anterior hypothalamus is thus tin* cenrre for responses to rising 
temperatures and the posterior iiy])othaIamus the centre for r(‘sponses to 
falli ng tern])eratures. 

The liyjKjtlialamus, because of its close connections with the thalamus. 
doul.>tless receiv(‘s all tlic appropriate afl’erent nerve impuls(‘s ; on tlie eflerent 
side it lias access to bot h the somathr and the autonomic ihu'vous systems and 
can thus modify muscular and glandular activity, cutaneous circulation, 
sw(‘at secr<*tion and pulm<mary v<*ntilation. 

After removal of the cerehrum in a dog, normal tem])erature r(*gulation 
is preserved but is limited in range. Tin* animal responds aj)])roi>riately to 
external lieat and cold, but cools down if left for a long time in a cold room. 
I In (Tmical lesions of the c<'rebral ('ortex chang<*s in skin temperature occur, 
cf. |). 071.1 A nn’dhrfnrt ])r<‘paration (I.e. with hypothalamus cut off) is cold¬ 
blooded (poikilothminic), i,r. it jiassively follows tlu* temperature of its 
surroundings.^ 

Wlienever the central nervous system is depressed, as by the action 
of aiuesthetics, or grossly injured in essential regions by lesions like hamior- 
rliage, (»r if integral j)arts of the heat-regulating mechanisms are })aralysed, 
e.fp the skeletal muscles by curare, the comf)lex and didicately co-ordinated 
tem[)erature-regulating function fails, and alteration of body temperature 
results. 

^ Hanson, ties. ^\ss. utri'. nu'nl. JtMO, 'JO, H4-. 

- .As a result of injuries in man to t he ;io//.v and mcOuUa, a- rise or fall of }K>dy temperature 
may result. The greater part of the hodv i.s }>aralysed and is out ott Irom the intliienee ol 
the heat-regulating centres, aiul tliercforc folhnvs passively the temperature ol the sur¬ 
roundings. If the weather is warm, the room overheated, and the patient well wrapped 
and ami surrounded with hot bottles, tlie lcm]M*rature of the paralysed regions ri.ses. 
No alfereiit impulses ean ])aas u]> from tliis regioji to tlu* eentnrs at the base of the brain, 
nor ean efl'ereiit impulses rcaeli the atfeetod miiseles or blood vess(?ls. The temperature 
of the whole body tlien*fore rises. Similarly, if the paralysed regions are eoolcd, the 
general temperature falls. 

The cITeets of si/mpathedotny on the temperature of the limb are described on p. #160. 
If the main nerves to the limb are cut, the tem|K'rature rises at first, owing to simultaneous 
section of the svinpathetie r«)nstric'tor fibn*s. Later on, the. ])aralysed limb is colder 
owing to the decreased blood flow wliieh results fnun the im]>airmeiif. of venous return 
owing to ])aralvsis of the skeletal miwles; the blood therelore temls to stagnate in the part. 
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Rolk of Du(rj'Li:ss Clands. —()» coolin^rado<j. tlio ni<‘tarate inereaMes 
bv 7^’f, before any in<lieation of in(*rease(l muscle* activity sets in ; this is 


probably a measure of tlie 
” line r(*,irulatio]) " oC boih- 


‘xtent to which 
lemperaf ure. 



Fio. 27S. ElTfot f)f Violeml Exercise on Hftat Pm- 
(hicfion and ffeat of)SS. (Du ,!««.. ini. 

Med., ms, 12.) 

Urronls !irf‘ : nTtiil ti'iiifnT.itiirc. skin iirnl imi- 

(luctii)ii ill Calnri**.’. )>• r iimir (••niitiiiijfiii" thirk lim-) ;ni<l 
li'-nt loss l>\ Viiijoii.^ <-ii;iniirls. 

Duriiis: tin- pfriod iinli«:«t.<| l,y Um- thick liiM\ vioh-ot 

ts(|ijas)i niripjcf^) was f.irrii-d out lor :!♦; ininiitcs. 
Heat loss is indic.itrd hy coh/intis dividii] from hclow 
upwards into r.i/liatioii tcjrai), <'oiivcctioii (stippj«-dt and 
vaporization (ohli/pM- liin-s). 

Note t)io rise of re»tal tcnificratiirf, fall of skin t»’in pern tun* 
(due to sweatiijif). aiul iinTrasid heat, production (frcuii 
00 to o^•cr 700 Calorics per hour). The increased lieat 
loss Is due alriiost entirely tri additkuiai h)ss hy vafiori:u- 
tion (ef. Fi^. 


the (luctl(‘ss jjjlauds help in the 

(1) A (I renal Mai alia. —Ex¬ 
posure to external cold reHt'xly 
stimulates secretion of adrena¬ 
line which stimulates meta 
holism and decreases heat loss 
(p. 7d;V). 

(2) Adrenal Corfer. Si*e 
pp. ^t|7 cl 

(o) 7'If ff raid. - . ExDu’ual 

cold via j>itnijarv thyro- 
trophin) siimnlates thyroid 
secretion which increases heal 
prodnetitm, mobiliz(‘s livtn- 
.ulycom‘ii, ami stimulates imo- 
ulncoucimsis (cf. j). !tS2). 

(i) W'lnm an animal (rat) is 
transferred to a cold environ 
immt, tliert* are histoloiiical 
ehaiio<‘s in tin* thyroid indica¬ 
tive of riinctional atdivilyd 

(ii) Thyroi(h‘ctomizcd ani¬ 
mals show impaired tcmp(‘ra- 
tur<‘ control. Patients with 
myxo‘d(‘ma tend to have 
a subnormal temp»‘ratnre : 
the f(‘brile response to tin* in¬ 
ject i«)n of bacterial \ act*incs is 
rciinccd. 

Response to Heat. (I) 

JOffkct of Exkucisk. When 
more heat, is }>roduced as a 
result of physical exertion, 
there is a. eompensatoiv in¬ 
crease in heat loss. 

(i) The, blood flow through 
tlie, slAn is jrr(‘Jit-ly increased, 
leadincj to a rise* of skin tem- 
pi'ratnre, and tlir^refore to a 
greater temperature ‘gradient 
between the body surface and 
the environm(‘nt. Heat loss 


^ 1 he ^land h«.?corn(\s intensely eonprosted : the amount r)f eolloif] decreases and loses 
its affinity for h.Tniatoxylin ; the lining eelln boeome eoliirnnar and the, riiifoehondria 
enlarge and beeome more distinet. On exposure to an external teiniMTatiin' f»f 37° C. the 
gland passH^s into a “ resting ” state : the alveoli of the gland are rliRt(aided with deeply 
staining colloid, and the mitochondria beeorne indistinct. 
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by radiation only incroasos ])y lb Calories per hour for each P C, rise of 
skin leinperaturc. lotnl heat loss by conduction-convection and radiation, 
though greater than at n*st (c.r/. rising from 75 to 150 (^^ilories (xjr hour) now 
constitut(‘s only 20 -50’*';,, instead of H0‘!(, of the total heat loss from th(‘ body. 

(ii) Tht‘ mint heat loss in exercise is due to increased s(*(;retion and vapor- 
izat.ion of suraf. These facts are well broufrht out in ¥vr, 21^. In this 
experinamt, maximal h(‘at production was at the rate of 700 Calories per 
iumr; Inait loss also .irns'itly increased hut m‘V(*r excc'eded 000 Cahjries f)er 
hour; body t.em|)cratur(;, therefore?, rose temf)orarily (cf. also Fijj;. 205). 
Sweat s(*cn*tion in exe7*cise is partly “ thermal and partly ‘‘ imuital * in 
origin (cf. j». 107) ; i1 subsi<les slowly after the exercise is (»ver. 

(2 ) Effkc’T of a Hot IIatu.—T he subjtatt gets into a liot l)ath and 



Kic. 27!). KtVert of a n<»t Hath on Body IVniporuture, in'sjundion, 
ar)d Heart Hate. (Samson Wright.) 


stays in it for about live or six minutes; observations are made while in the 
bath and after getting out of the bath until the control levels are n^gairn'd. 
Fig. 270 shows tiiat in a bath at 110"' F. the mouth temperature may rise 
from about 97-8' F. to over l()i>5" F.: the heart rati? may increase from 
75 to 115 and the respiration rate from 12 to 28 per minute. Mouth 
temperature may su!»sequentlv take some 30 minutes to return to normal, 
though respiration and heart rate recover rather more, raj)idly. This 
(iX])erinient shows chairlv the limitations of nornial temj)(‘rature. regulation, 
and how it can break d()wn quickly under conditions of stress. In a bath 
at JIO" F. lu'at is being tah'ii up by the inwierml }>art.s of the l)ody, and 
heat loss dejamds mainly on evaporation of sweat from the exposed }>arts of 
the body. As the atnu>s))here in the. bathroom is very humid, evaporation 
of sweat is ])rohal)lv minimal. Body temperature is therefore raised by the 
heat released by metabolism as well as by the heat takim u|) from the sur¬ 
rounding medium. This experiment is of clinical interest in showing that 
the, body teni])orature may be raised for a considerable time after a. liot 
bath. 
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(3) Effects of Raised Atmospherjc Temi'ERAture.— The main auto¬ 
matic compcMisatory reactions consist (as in exercise) of cutaneous vaso¬ 
dilatation and sweating ; adrenaline and thyroxine secretion are inhibited ; 
adrenal corticoid secretion is increased. If the external tt'inju'rature is lower 
than body teIn|)^^rature, the increased blood flow through the skin leads to 
increased heat loss by conduction, convection, and radiation. If the external 
tem])erature (ixceeds body teinj)erature, heat loss can only result from 
eva]>oration of sweat. Some of tlie chang<»s are considered in detail below. 

(i) Sirrafinf ).—When t]i(‘ rooni 
teni}>eratur<‘ is raised slowly, c.//. 
from 2(i® to 11° (■., there is a long 
latent period {rjf. 30 minutes) before 
sweating sets in. Sweating usually 
comnumces quit(‘ sudd(*nly and 
coincides with and is due to a rise 
of internal (rectal) temperature (act¬ 
ing centrally) and some rise of ,sh'n 
temperature (of the order of 1° 
I'b^C. (acting retlexly)). Sweating 
])rogressively incn‘ases in intiuisity 
«and may continu(‘ to increase even 
when the room tern j)erat ur(‘ declines; 
the skin temperatur(‘ may later fall 
owing to loss of heat produced by 
vaporizaiion of sweat (Fig. 2SO). 
In hot weather svv<‘ating may be 
prodmad immediately on (‘xposure 
to greater external heat. 

Tile importama* of sweating in 
the response to luait is well illus¬ 
trated by the lindiugs in a patient 
witli conifenital ah.senrc of sweat 
fflavds. In the winter his tempera- 
tur(3 regulation was normal; in the 
suniiner, however, it broke down. 
Thus in July and August his morn¬ 
ing temperature was \)V F. and his evening temjierature l02-() F. ; pulse 
rate and resjiiratiori followed the temperature eliang(‘s. The ])ati<*nt and a 
normal subject were (exposed nakeil in a hot moist rofun for 30 minut< s with 
the following results : 

; I i UVi^ht loss 

■ Nkin I Oral ; .Skin and 
; 'rcrnponiiiirr. j Temperature, i Lungs. 


; K. : .. i 

* ! .. ! 

; 101-4" 22 g. I 270 o.e. 

I OSH" i 202 I 10 


i Normal atmosphere : [*atient . 

! Control . 

I Hot moist atmosphere ; Patient 
! Control 


03-0^ F, 
000 " 
104® 
09(5® 


I'fine } 
Tolu me. j 



Fio. 2S0.—Sweat Secretion in Response to 
Raised External Temperature. (Kiino, 
Physiology of Human Perspiration^ Lon¬ 
don, 193;3.) 

Onlinate, left: temperature in “C of rectum, skin, ami 
room ; ordinate, right; sweat secretion in mg. 
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The patient’s skin remained dry and velvety; ho felt sick and ill and 
“ panted like a dog ’’ ; there was considerable diuresis ; pyrexia developed 
(the mouth temj)eratur<; rose to 101*4'" F.). The control sweated profusely, 
passed very little uriin*, and inaintained his normal body temperature. 

(ii) Cha}ffjes in Blood avd (Urctilufion .—The large cutaneous blood flow 
leads to a dc^crease in diastolic j)ressure, an increase*, in venous return ami 
an increase in cardiac output (p. 2 j^ 2). Then^ is initially an increase in 
plasma volume. I’he ejfect on systtdic f)ressur(‘ is variable dcj)onding on the 
extent to wiiich the iticr<‘asod 
cardiac output compensates for _ 

the decreased ])erif)heral resist- , f 

ancc. The mhe. rate always 130 - \ / - 7 

increas(*s even if there is no ^ \ / 

significant jjyrexia (cf. f). 282). | ‘ \ ^ i 2 

Tin; circulation under tl)ese < ^ 

conditions is adversely affected | 

hy sUimlitaj. iNormally, on j)ass- S 115 - \ - 4 ^ 

ing from the horizontal to the § X 

erect position the blood vessels in b{M 0 - / \ -3 | 

the legs are refiexly constricted g ^ § 

to ]^rev(mt accuinulation of blood ^05 - pulse rate y 2 ^ 

in the dependent parts, and to ^ >/ _ ^ 5 

maintain an adecpiate blood 

suf»])ly to the brain ; but during 95 - 0 
ln*.at (‘Xf)osure vas(‘ular lone is r 

dominated by temperature re- 90^-j-^^ ^ ^ J 

quirements and the normal j)us- water LOSS AS % OF INITIAL WEIGHT 

tui-ul adjustnipiits <1<. not occur. l.oUv,.™ the Decree of 

Thus, in hot environments, tin* I)d,ydralion, the Pulse Kate in tlio Supim- 

subj(*ct (leho is strapped to a Position and the Fainting Time, when the 

hoard) soon fai^its if In; is pas- SubjecT was passively tilted. (K. A. 

sivoly tilted from the liorizontal ' 

toward.s the (>rect position aiid 

kept there for some time ; in tun* ami sweat.Ml i.rofust ly. Nate the merease in 

IT.* 1* 1 A. pulse rate ((leterinirK'd in sufilne posilion) with 

addition Ins jiulsc rate furtlier L-reasiim .hhv.iration. 

inc.rr*ascs tFio ‘2821 FoinOwi Time : the snl)jeet. .stiapFuil to a tilt hoard. 

' '* -- - » was held feet iJown in the vertieal po>ition until 

he lost eonseioiisness ; the tine* tiik«Mi is noted. 


(iii) Comphentvorf Effects of he lost eonseioiisness ; tl«e tine* tiik«Mi is noted. 

Anlnplrtenria and i^alt Loss- 

(a) There is furtlnn- ac(*elerati(>n of the heart in the supine ])ositnni (c.//. from 
<12 to Kio (Fig. 281)). 

(b) The eftects of ]>osture are aggravated. Thus m Fig. 282, wlieii of 

the body weight had bei*n lost (}>ecause of water loss) the j>iilse rate in tlie 
supine position was <Jb ; on standing up it rose to over 140. . , . 

(c) Fainting in the vertical ]>ositioii occurs more rtijiidly, e.g. in .1*0 inst(;ad 
of 7*0 minutes (Fig. 281). 

(d) When the aiiliydramiia is severe the jdasma volume, the cardiac 
output, and the blood sup[)ly to the skin decrease ; as tlie cuttirieous blood 
supply becomes iiiatlequate, sweat secretion diminishes and may cease. 
With tlie main av(;nuc of heat loss thus closed, body temperature rises 
“ explosively " and the general condition hcooim^s ]>recari(>us. 
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A( C LIMATIZATION TO MEAT 


(iv) Heat Cram}}S-- ii the Na'^ and Cl' lost in the sweat iire not made 
good, muscMilar cramps develop (p. (55). 

(v) Htjperpnwa devedops, the alveolar C <).2 Tails and there is, eoiisequeiitly, 
an alkalajinia which is compensated for by the ])assage of an alkalim* urine, 

and dei’reased NII 3 formation 



by the kidney (Fig, oO). 

(v\) Heat ExItaasfiuH. 
This is due to hyper|)yrexia, 
to salt loss, and to (lelivdration 
(p.479). 

(vii) A (•(■ 1 1 th atizaf < on. 
Prohoujet! ex[)Osnre to e.\terna] 
heat leads to (‘xhaustion of 
the sw<'at glands; the volume 
of sweat secreted falls and its 
Na”* a,nd Cl' eontfuit. rmtH. i.c. 
the concentration of tlu'se ions 
resembles more ehjsely that, of 
a liltrat(‘ from the j)lasma. On 
the other haml after re pealed 
bouts of exposure to exter¬ 
nal heat useful ada.j)tations 
develop; (a) sweating eone 

numces at a low(‘.r level of body 
tem]a*rature; (/>) tiie Ma' and 
CT content of t.lie sweat /d//s 
witii r(‘sulling betttu’ pn^serva- 
tion of the (‘j<.‘ctrolyte content 
(and crystalloid o.]).) of the 
extracellular fluids. 'This latter 


WATER LOSS AS % OF INITIAL WEIGHT 

Fig. Itrlation betwettii i^ilse Kate and 

I*(jstun* in a .Man expnsc'd te rxtenial heat in 
whom ])rogrf.ssiv<* Deliydnition developed as 
a result of Profuse Sweating. (K. ;\dolph, 
l*hiffsioloffy of Ma?i in the Desert. N<*w ^'ork, 
1047.) 

Control values at rnoin t<Tnin rattiri* of 70“ K, 

n.vjHTiuifntal vaJius ;U reniii t< inf»»Tahirf.- of l^o r. 

PiilMt* ratrs lyintf wtn- tuU»uj iift<T :i nuiuiles in thr su|iitn‘ 
position : nffttidintf rat^s, I niinuti' after standiiv^ up : 
tUff'd raf<‘s, averasfe of n-.'nliiijr^ takr-n t. li, a, 7. and U 
miiintcsafP r ))f;iny liJlrd fon a tilt i)oard, feet ilowinvanls; 
at> the nn^le indicated. 

Xote the |)rot?ressivc ijierease in ])iilse rale with del jj-drat ion; 

nntn that tho tml.ifi nrn hitrhnr ou tti.i iiiilii/krti 


a(laj»talion is due to increased 
secretion of the j)ituitarv hor¬ 
mone ArTlJ whieli in turn 
causes a discharge of adrenal 
corticoids. 'Fhc latter promote 
the rea bsorption of Na^ and Cl' 
from th(‘ sweat l)aek into the 
)>lood (ef. p. \h\o). 

Role of (Aot/iinfi ^ and Wet- 
hnib Thermometer Level in Re¬ 
sponse to Heat .—About 20 ‘JO 
litres of air are entangled 
between the clothes. In liot 


weather the clothes retain 


moisture and the cooling effect of sweating is diminished. Evaporation takes 
place from the surface of the clothes and only affects the skin through a layer of 
damp undergarments. Opening the jacket, waistcoat, and shirt giv(\s a feeling 
of greater comfort, and more moisture can evaporate from the skin surface. 

Haldane, attired in flannel drawers, canvas trousers, boots, and stockings, 


^ lUiRton, Fed. Proc., J940, 6, .‘{44. 





T1KA1’ STROKK 




expojstxi liiiiisolf to a hot humid at.mos])ht‘re (hijili wet-l)ull> thcrniouietca* 
tompcraturc). If the wet-l)ull> temperature was 85" F., th(‘ rectal tiunpera- 
ture. remained normal when the subject was at rest in still air. If the wet- 
bulb rose above this l<‘Vi‘l, the rectal tem|)era.ture ros(‘ markedly. At 8U -DO ’ 
the rise of body bMiiperatiin'. was I 1-F' F. per lioiir; at 2' p(T hour; 
at D8'\ \ per hour. In movinj^ air, e.//. with an air current of 50 metres j>er 
minute, a. wet-bulb t.em|)tu’ature of 10' F. (a)uld be borne without rise of internal 


tejnj)eratlire. If niuscular work was 
(bun* in still air, the limit of wet-l)ulb 
t(unperature was still low(*r. 

Ukat SrnoKK. This syndronu' 
develops in men who ar<‘ working hard, 
unsuilablv clotluMl, in hot environments. 



The symptoms are <lu<‘ to hyj)erpyrexia, 
salt loss, and ileiiydration in varvin«:r 
proportions. Asthe external tem|tera1 ure 
is ]ii.izh, ileal cannot be lost by radiation 


MINUTES 

Kn;. 2S3. Kncrt eii !?o(.ly 'rcnipera- 
lun* f>r a (‘(»ld Jtath at />(» ’ K. 
0.). (Siimsini Wrialit.) 


and convect.ion. Jf, in addition, the air is moist and still, evaporation cannot 


take plac(* eitlnu'. Wlien 1 he heat-re^nilatinjjf mechanism breaks down, the body 
tcjnperat ure begins to rise. A vicious circle is thus (‘stablisluMl with ever-risino 
body tmnpt'rature and consecpieiitly inereasin.a metabolism and increasiue heat 
production ; circulatory failure develojis for tiu' reasons already ^iven (p. 477). 
Individual idiosynerasy is im]K>rtant; sonu^ men lio not sweat readily - tlieir 
skin is liot and inirninu, but ((iiitetlrv. Severe and evim piuanaueut injury to 


the central nervous system inav occur.^ 


' The clinical picture of licat stroke is well illustrated by the followinj; ease record, 
mainly in the doclor's own words : At 7 a.m. J |the doctor| was eallcfl lo see a man ag(?d 
2U, who was ndrnilted to hosjtital the nijjlil before coin]'ljn'niMj»: of naustsa, vomiting, eon- ‘ 
sti()ation. and lack of energy. He was nol regarded as being seriously ill, though his tem- 
f)erature‘ was sai<I to be 101" l‘\ ; this was atlribuled partly to the heat. At 0 a.ni. the 
following day he Mas foun<i unconscious by an orderly. W hen 1 saw him he was in deep 
coma, re.sj)onding but sligblly lo |)a.inful .<<1iniuii, eorneal relle.xes absent, |ni]>ils moderately 
dilated and very sluggish t(j light, breathing somewhat stertorous and ra]>id, pulse not 
]>al))aiiie, not even the <'arotid. Heart sounds wM>n‘ not beard, skin was cool, rather elainmy 
hut no heads of .sweat to be seen, and restless purposeless movements. I was told the 
temperature w’as 102*^ K. taken in the axilla. He seemed to me to be about to die. Hoav- 
ever I took the temperature in tIu* reetuin and found it to lie 108'^ F. 1’his simplified th(‘ 
diagnosis and we g(>t !<» Avork AAMlhout delay, first half-eovering him with broken iee as In* 
lay in bed, tli<*n putting i]]j an intravenous .saline. The great sa]))M'nou.s vein Avben ex]K>.si‘d 
was (piite empty and did not bleeil even a single dn»p from eitlier end. Two pints oi normal 
saline were run in. After 45 minutes Hie rectal temperature Avas 104-8" F., the radial )m]se 
laid returned, restk\ssne.sH aams mueh les.s, an<l the skin of lace, wliieh was growing 
pink, was now' AA'anii, j»resuinably oAving to restoratioi^ of the p(‘ripheral circulation. 
Within finotluT Immii- tlie n-ctal temperature was 100' l'\, the judse diminished in rat(‘ and 
incM'ased in volume. He was able to ansAver simj)Je (pjeslioiis and AA’itb some diflieully to 
swallow sips of water. After a partial relapse, the pathmt dramatically improA-ed and by 
next imirning was eoniymratively iKJrmal. 

Pifnixiul Tnatnnul. -Thv tn-atm -nt of rheumatic and other i-ondilions by im^ans oi 
ekivaihm of t he body temperat ure has been extensiAclv practi.sed until recently, espe<-iaJly 
in America. Tlie proctrdures (miidoyed were : (i) lu*ating the body by means of penetrat¬ 
ing higli-rr(5quou(;y currents, i;ombined Avitli in.'^ulation to niiniinize heat loss ; (ii) placing 
the subject in a conditioned air-eahinel cfmtaining inoi.st air at a temperaliire of J20‘'- 
10(F F. Body temjMM-atiii-es uj) t u 101 -0^ F. Iiave bc-en maintained for hours by tliese metlu^ds 
in rohnsl siibjecls. The circulatory strain i.s great, because the vi-rv Ioaa’ <liastolie pressure 
impairs the coronary blood flr)Av (p. 237). hi t he en'cl position (he systolic Idood pressure 
may be as Ioav as 00 min.Hg. A simyde Avay of inducing yiyrexia is to inject 3’A B vaccine. 
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Kesponsk to Extkrxal (.’orj). -A cold Imtli F.) may lead to a fall 
of moiitli temperature, c.tj. of F. (Fig. 2S3); if a jiaked man is exposed to 
an atmo^spile^ic tem})erature of 60^ F. for 20 minutes a variable temperature 
response occurs ; the results de})end on the eliuMency of the compensatory 
mechanisms. External cold fitimulates the meta))olic rate owing to increased 
secretion of adrenaline ([>. 733) and thyroxine* ([). 174), with resulting 
increased ht‘at production ; if shivering o(H‘urs large amounts of heat an; 
released in the muscles. The cutaneous arterioles are constricted to diminish 
heat loss, and the blood is driven into the de(‘per parts of tin* ])ody. The 
blood pressure may rise. Adrenal corticoids are secreted. 

Cold Exhaustio.n.- This occurs in people who get lost in tin* cold ; 
the wanderer becomes worn out and surreinhus to an ov(*rpowering desire to 
sleep. During this unconscious .stat(*, temperature regulation is disturbed and 
much heat is lost. The body temperature falls ; at F. (;oma sets in and 
death results. It has been ])ointt*d out (p. 328) that a fall of temperature 
depresses the dissociation of oxyha*moglobin and tends to lower oxidation 
in the tis.sues. 

fiFFECTS OF llEFuniEnATfox. Patients have be(*n d(*liberatt*ly (tooled 
down under anaesthesia to F. for periods u[) to 3r» hours. The blood 
pre.ssure was unchanged, the pulse rate was slowed, to Usually full 
recovery occurred on gradually ri‘heating the subject to normal l)ody 
temperatun;. 

Fever —This term is us(?d to describe tin; comf>lex res|)onse of the body to 
infection. One of the.se manifeslations is pt/rcj'la or rais('d t(*m])(*rature. The 
body is believed to be able to deal more eilectively with invading organisms 
when the temperature is raised, and so the. ]>yrexia may l)t* regar(h»d as a 
j)rotective mechanism. Then; is incn;ased heat ]>roducli(»n, but this alone 
does not account for tin* pyrexia, becan.se the ehanges are of an order of 
magnitude which could b(* ea.sily comprmsated for under normal conditions ; 
but heat lo.ss is decreatnul siinaltaiie.ouHl;i fully accounting for the rise of body 
temperature. Heat regulation in .states of fev(*r is tln*refore flisordcred ; 
body tempe*rature is adjusted to a higlier le\'el than normal (as though the 
hypothalamic “ tln*rnn)stat ’ were .set at a higher tem}K;ra,ture). Tlie normal 
diurnal variation is .still present, and the patient res])()nds in tlie usual way to 
applications of heat and cold. 

In the hiitlal stage a rigor or shivering often occurs. The skin vessels 
are constricted, minimizing heat loss ; a rapid list; of temperature therefore* 
takes place. During the fastifjiain, when the temperature is at its height, 
the cutaneous vesscl.s are relaxed and the skin is Hushed ; the sweat glands 
are usually inactive;. The ri.se^ of te*mperatiir(; incn*a.ses the; nurtabolic rate; 
Viv accederating the uxidativ'e activities of the body ; but tin; beat loss is 
relatively inadequate to cope with this increased production. During the 
defervescence, wlien the temperature fulls, inarkefl sweating occur.s, and heat 
loss is now greater than lieat ijroduction. 

An agent has been isoIat<;d from bacteria, p/ymn'//, which on inj(;ction 
produces fever ; pyrexin may be re;sponsible for the complex derangement of 
temperature regulation just describ(;d. 

Some of these phenomena are well demonstrated during a malarial rigor. 
During the shivering attack there is a sudden marked increase in heat 
production, e,g, from 80 to 230 Calories per hour ; heat loss, on the otlior 
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luind, is or decivascul lujtaiuse of cutaneous vasoconstriction so that 

all the extra lieat liberate.d is stored in the body. Tin* body teinpcratiire. 
may rise to lOb ’ F. as temj)erature regulation is in abeyance. After an 
interval the “ t-hennostatie. control ” is readjusted to 98^ F. ; sweating sets 
in, and with increas(*d va})orization tluu-e is additional heat loss, bringing 
the body ternperatun* dowji to normal once more. 

The geiKU'al manifestations of lever are due to the pyrexia, dehydration, 
disturbed electrolyte balane(‘ in tlie blood (e.//. Na^ and Cl' loss, alkalaunia), 
and the action of toxins. 

Djstrmujtiox of Hkat i.v TUK Boj>v. -The cizculation transports heat 
to and fnjin the various j>arts of the body; the distribution of heat within 
tin* IxkIv, tluMefore, de})(*nds on the integrity of the circulation. In cas(‘s of 
so-called periph<n*al circulatory failure (c.//. luernorrhagfr, shock) there may 
b(* greater dilferences than normally l)etween oral, axillary, and rectal temper¬ 
atures. A low oral lein^xTatunr may be due to local factors and need not 
re])resent a fall of Ixxly temperature ; the rectal temjHTature is tlum tin* only 
reliable guide to the t(unjxu*ature of the blood and internal organs. If a hot 
water bottle is appli(‘d to the cold .skin, the poor local blood flow may be 
inadequate to carry away the added heat and the ])art ma}’ be injured if 
"reat care is not taken. 


No'J’k on Jnnkkvation of Sweat Glands’ 

Kxp<‘riments on animals have shown that the sympathetic nerves which 
supply the sweat glands are cltnUnenfiv in type and not adremrgic. In support 
of this work it is found in mtni that drugs wliich “ block ” sympathetic adren¬ 
ergic mu've endings (v.jj, tolazolin (priscol)) do not inhibit either thermal or 
emotional sweating. Atro[)ine on th(‘ other hand (which “ blocks the para- 
synipath(d:.ic (eholi?iergic) (*ndings) inhibits both these types of swe^ating. 
There are. hovvev(u*, some discordant and unexplained findings : intradermal 
injection of adrenaline (or nor-adrenaline) in man does cause, local sweating 
as well as cutaneous vasoconstriction ; sweating also occui’s wlum an adrenal 
medulla tumour is actively secreting (p. 7.‘I4). 

^ (.lixliixTS aixl Keclr, ./. l*hysioL^ ///, ”>10. 
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THE NERVOUS SYSTEM' 

STRUCTURE AND FUNCTION OF NERVOUS TISSUE 

‘ Structure of Nervous Tissue.-- -Tbo torni nraroyn* is iisoil to 
the nerve cell {cell bodif^ sowa) and its processes, the (lendnfe.s and the (mm 
{axis cylinder, nerve fibre). The nutrition of the axon de])<?n(ls on its intact 
■ connection with its cell. 

Nerve cells vary in size and sliape in different f)arts of t lie body ; tlieir cyt^^“ 
plasm is fibrillated, the so-called neurofibrits extendinj? from the dendrites, 
through the substance of the cell, into the axon. Embedded in the cytoplasm 
are angular bodies, the Nissl gra/nnies, which stain th^ofdy with basic dye.s 
like methylene blue ; they consist of niicleo])r<>tein arul contain organically- 
combined iron. They are very scanty in many nerve cidls. 'flicir size and 
number vary with the ])hysiological condition of the (‘cIl ; fatigin*, the action 
of certain poisons, and section of the axon, cause the Nissl granules to dis- 
integratcj and disappear (chrontdlolysis). The nucleus is large and sliows a well- 
marked chromatin network and nucleoli. The demlriles braneh repeatedly 
immediately they leave the cell, and also contain Nissi granules. .Mitocliondria 
and a Golgi apparatus (Fig. 29e5) can be demonstrated in the cytoplasm. 

The axon or nerve fibre arises from a part of the cell--the axon /o7/oc/.' - 
which is distinguished by the ahsence of .Nissl granules ; it runs as a rule for 
a considerable distance before branching. 

X medullated nerv(» til)n‘ consists of the following struetiires from within 
outwards : 

(i) A central core of semifluid axoplasm containing minute rodlets arranged 
parallel to tlie long axis of the fibre and givitig it a fi[)riliar apja^aranee {neuro- 
fibrils), The axoplasm is not covered by a histologieully identified surfaci? 
membrane, but there is a specialized boundary layer of axoplasm, the axon 
membrane, wliich .separates the intracellular contents from the extracellular 
fluid and is the functional surface membrane. It is probably the site of the 
action potentials recorded from nervt?. 

(ii) The wdiite myelin, {medullary) sheath, which is niaile ii]) of comurntric 
sheets of protein iuters})ersed between layt^rs of lipoid material (mainly 
lecithin) radially arranged ; it stains black witli osmic acid. The sheath is 
interrupted at regular intervals by the nodes of Jiauvier ; the distance 
between the nodes increases during growth, and in the adult animal tlie int.er- 
nodal distance is proportional to the diameter of tin*, fibre. The functions 

^ See Fulton, Phymoloijy oj Xervons System, .‘Ird edn., S.Y., l!4n. Kulinn, Textbook 
of Physiology, 16th edn., Fhihi., 1949. KanHun and Clark, Amitomy of Xervoiis Sysiein, 
8th edn., Fhila., 1947. Sherrington, Integrative Action of Nervous System, now odn., 
Cambridge, 1947. Selected Writings of Sir Charles Sherrington, ed. I). Oenny-Brow'n, 
London, 1939. Brain, Diseases of Nervous System, 4th odn., liondon, 1951. 

• Greenfield, J, Neurol, Psychiat., London, 1938, 1 N.S.), 306. 
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of the myelin sheath are not known with cmlainty. Studies with single 
isolated nuimnialian niedullated nerve fibres suggest that the myelin sheath 
is an insulating layer ; the action potential w'hieh accompanies the nerve 
impulse can only be picked u]) f rom sucli iibn's at the nodes (d* Ilanvier, where 
the myelin sheath is absent. 

(hi) The irmirilemma (sheath of Schwann), which is a Jiomogeneous mem¬ 
brane closely adherent to the myelin and bent at the nod(‘.s. Under it, 
midway between the nodes, is nucleated cytoplasm, the irlis of Schwann. 

A non-mcdullatcd fibre consists of axis cylinder, jjeurihmima, and cells of 
Schw-ann, but has no myelin sheath. All the ])Ostganglionic fibres of tlie 
autonomic system are non-medullated as are those fibres in the somatic 
nervous system which arc less than 1/i in diameter ; larger somatic fibres are 
medullated. It is worth emphasizing that non-medullated jib?*es are very: 
imm(‘rous in the central nervous system and in the dorsal mirve roots. 

The surfac(* membrane of the nerve cell and filire se[)arates tw^'o fluids of 
different ionic content : inside the neurom*., the intracellular fluid has a liigh 
K+ and low Na' and Cf concentration ; in the extracellular (interstitial) 
fluid batJiing the neurone tlie reverse oldaiiis (p. 5). The surface membrane 
in resting nerve is almost impermeable to Na^, but is readily permeable 
to K+ and Cl' ; this selective permeability is said to lie a factor in determining 
the ionic concentration dilferences. The dilfenmces in ionic concentrations 
b<?tw’een the exterior ajid the interior of the neurone (soma and axon) may 
in some measure Ixi due to th(‘ metabolie activity of the (mt-ire neurone, and 
not (‘xciusively to the proj)erties of the membrane (cf. p. S). 

Properties of Nerve Fibres. —As a nerves fibre is simply the long 
process of a neurone, it is somewdiat artificial to (amsider its propevrties apart 
from those of tJie iicurom? as a wdiole. But as it is com£>aratively easy to 
study the projierties of nerv<*. fibres, and more dillicult to investigate nerve 
cells, it is convenient to deal with tlm nerve fibre as though it w’<u*e an in- 
dejamdent entity. The only function of a nerve fibre is to conduct the tierve 
impulse. Experimentally tJie fibre can be stimulated at any acc(\ssibJe point 
on its course ; the nerve impulse set up at tJie point of stimulation travels 
just as readily centrally as distally. Under natural conditions the nerve 
impulse is usually generated in the nerve cell and travels distally along the 
axon ; the main exceptions are the afferent neurones (dorsal nerve roots, 
afferent cranial nerves) ; in these the imjmlse is set up by a])propriate stimu¬ 
lation of sensory terminals. 

Nerve Impulse.^ —This is an incompletely understood ])hysico-chemical 
change which is transmitted by nerve fibres ; it involves an alteration in 
electrical state and chemical changes (0., consumption, (X )2 output, heat 
outf)ut). The iinpulse must be carefully distinguished from the stimulus, 
wliieh is the external force (e.g. electrical, chemical, mechanical) which sets 
up the impulse. The chemical changes in nerve fibres are probably, wholly 
or mainly, concerned with the recooery processes wdiich follow’ activity ; the 
electrical change is the most certain indicator of the develo])ment and propaga¬ 
tion of the nerve impulse and probably represents the essential process 
involved in transmitting the im]mlse along the fibre (p. 488). 

^ Erlanger and Ga-sser, Electrical Signs of Nen^ous Activiti/, Idiila., 1037. Symposium 
on “Physicochemical JVlechanisra of Nerve Activity,” Ann. A\Y. Acad. Sci., 1046, 47, 
375-602. Newton, Recent Advan/C^ in Physiology, 7*th edn., London, 1940, p. 156. 
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Fid. -S4. hi.ii'ram to show 
IVilarizHtion ol'tlu* Siii'fiieo 
Moiubraiip of the liostiiig 
Nerve Fibr<-. 

S- .siirfjK't* ( Irotroflf : t ire- 

troili? ill inti-rior of iktyi* fihrf. 

Ttic up])or |i!irt of tin* (li{ii;rain shows 
how lh«- n'Stiim jiotciitiul has 
lw.vu 

INT. is raiBative u iativf to S. 

Tlw lo\V(*r jiart ot the Uiauriuii sliows 
tho (listriluition of tlu^ cliarin* 
atiross tliu iiorvi- inoiubram*. 
Tlif.' I'xtonial surfaiv is jiositivt^y 
oharjiotl and tho int<'nial surface 
is iifgativfly charut-d. 


Keistixvt Polakizkd Membrane of Nerve Fibre. —If a single fibre of 
large (liaiiieter is employed (giant fibre of s(|iiid. diainettM* up to 5(X.) //) a 
micro-electrode can be introduced into the interior of the fibre ; another 
electrode is placed on the ejrfenml surface of tlie fibre. The tdectric potential 

difference between the oiitsidt^ and the inside 
of the fibre can then be deterniiucd by connect¬ 
ing the electrodiis to an .‘im]>lifier and cathode 
ray oscillograph. The inside of the fibre is 
found to lie at a lower electric potential- /.r. 
it is negative compared with the outside (Fig. 
2S-1). The surfaces membrane of the nerve fibre 
(/.c. the axon nienibrane) is said to be polarized, 
i.e. it maintains a potential difference (p.d.) 
between its outer and inner surfaces ; its miigni- 
tude (in these giant fibres) is about 50 mV. 

The resting })otential difference acioss the 
axon membrane is attributed jirincapally to 
the difference of K+ concentration between the 
axoplasm and interstitial fluid. To account 
more completely for tlie poteniial difference 
one must probably also pay attention to tlie 
relative jiermeability of the axon mmnbranc 
to the three principal ions concm’iied, viz. 

Na*", and Cl' and to their concentrations, insidt? 
and outside the fibre. This is of great importance in connection with th(‘ 
production of the action potential (see p. 485). 

Injury Fotextial. If the interior of the fibre is connected with 
an injured point on the surface of the fibre, the interior and the damaged 
surface ])oint are found to be at the same 
potential, i.e. they are eipially negative. 

It is .supjiosed that a.'^ the membrane has 
been destroyed at tin? injured spot, the 
surface electrodi? now makes connection 
with the interior of the fibre. If one sur¬ 
face electrode is placed on a nortnal 
point and another on an injured point, the 
latter is found to be negative relative to 
the former (Fig. 285). The potential differ¬ 
ence rijcorded under these conditions is 
called the injury poteniial ; it is due to 
connection being made between the exterior and the interior of the fibre, 
the latter region being, as stated, negative, relative to the former. 

Effect of Nerve Activity. -A nerve fibre (Fig. 28f») is stimulated at S : 
the impulse s(;t up travels along the fibre towards A ; leads are taken from 
a surface electrode at A and another inside the fibre (I). When the impulse 
reaches A, (i.e. when “ activity ” develops at A) it becomes negative relative 
to I. Activity has changed the state of the membrane at A ; the membrane 
is said to be “ depolarized.’* “ Depolarization ” means the abolition of the 
previous state of “ polarization ”; when the word was introduced, it was 
thought that at the active spot on the fibre, as at an injured spot, contact 
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waa made with the interior of the fibre owing to a ‘‘ Ineakdown of the 
membrane which no longer maintained a jiotential diffennice b(‘tween its 
external and internal surfa.(!es. This view is inaccurate, however. An active 
s|)ot difTers in its electrical state from an injured spot on the nerve fibre. 
An injured spot has the same potential as the interior of the fibre : on the 
other hand tlie surface of the active spot is negative relative to the interior 
of the fibre. Tlie membrane at the active spot has thus become polarized 
in the reverse direction (Fig. 286, 3). 

Hodgkin and Katz ^ have recently suggested that during excita¬ 
tion of a nerve fibre, the axon membrane ^ 

changes its relative permeabilities to K+, Af ® i b 

Na+, and Cl'. In the resting state the rela- [T... 

tive permeabilities are taken to be in the tS 

ratio 1*0 : 0*04 :0‘45, and these change to . 0 


Fig. 280.—Surface of Active Area of Nerve Fibre is 
Negative relative to Intericjr of Hestiug Part 
of Fibre, lliglitdiand J*art of Diagram show.s 
Fleet ri(Nil Changes: 

1 - Isorli'ctric Hue (zoro poimtinl), 

2. Norvr V’iHn* at n*st. fHTtnulc ou surface at A 

with I'lrctrodo in interior «»!' llbro at 1. As 1 ih rolativoly 
iicKativo, n^«-()rtl niov»‘s downwards ( 50 iiiV.). 

Stimulate at S. As activity devolofis at A, tlie surfaee 
eleetrodo at A beeoines iieyativi* eoiiipun^d with the 
interior eleetrode, 1. H<!rord is dotleeted ahove base line 
( i 40 inV,). 

Ordinate in millivolts. I’pward delleetion always represents 
relative negativity at A ii.e, the proximal eleetrode). 



Fig. 287. Prodiieiion of Mono- 

phasic Spike PoKditial. 

A^N«)nnal area, li Injured area. 

The nerve lil»r(‘ is .stimuJated at a 
f>oint S at extreme left. 'J’he 
impulse travels from left to 
riuht. 

Sti])pled area area of activity or 
injury. 

Fir.st line : before activity re.aeltes A. 

Seeoiul line : activity reaches A. 

Third line : activity lias jiassed away 
from 

Fourth line : resulting electrical 
record : 

1, 2, ‘i, represent eleetrieal 
rhaiifies eorn'spondiiii? t«» 
ev«*nts in Hrst, second and 
third lim* respectively. 


] *0 : 20 : 0-45. Thus th(‘. axon inemhraiu* 

temporarily becomes selectively permeable ^‘'"moni*-* ’ electrical 

to Na+ and relatively impermeable to K^. V/ 2 ! ;i, represent electrical 

Na*^ rapidly flows from th(^ interstitial fluid eJem'^s^iu 

into the nerve fibre until the Na+ concentra- third lim* resf.Vciiviiy. 

tion inside the fibre exceeds that outside. 

This reversal of the resting ratio of external to internal Na.' conctuitrations 
rev(‘.rses the sign of the resting membrane polarization; as stated above during 
excitation the surface of the membrane becomes negative relativ(‘ to tin* interior. 

With this background we can now consider tlie normal methods of record¬ 
ing the electrical changes which accompany nervous activity. 

Spike Potential (Monophasic Action Potential). —Two electrodes, 
connected to an oscillograph, are placed on the surface of a nerve fibre 
at right angles to its long axis (Fig. 287); A is a normal region ; .B is 
a region which has been killed or anaesthetized. [The potential difference 
between A and B (injury potential) can be compensated for.] Stimulate 

^ J. Physiol,, 1949, 108, 37. Keynes, ibid,, 1961, 114, 119. Hodgkin, Brit. med. Bull., 
1950, 6, 322. 
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the tibre at S ; an impulse is f;enerate(l; when the impulse reaches A the 
point A becomes momentarily netjative eom}»ared with its initial resting 
state. Tliis m^gativity shows itself as a transient dctlection, recorded up¬ 
wards ; (negativity at the proximal electrode is always recorded as an 
upw'ard dellection). Tlu‘. dcdlection is a simjde iij)str(>ke rapidly niturniiig 
to the base line ; it is called, therefore, a mo'nophasic variation^ or spike 
potential (bt?c.ause of its brevity, shape, and transient nature). ^Jdie ascending 
limb (upstrok(i) repn'sents tin* development of activity at A ; the descending 
limb (downstroke) repn*s(‘nts the dying down of activity at A. The amplitude 
and the duration of tin* deflection depend on the diameter of tin* fibre and 



Fio. 288.—rroduction of Diphasic Action rotcritial in Nerve Fibre. 


Stipplrrd part, of nerve iil»n' area of aettvity. 

a. revonls: electrical ehaiitfes. Siimulate film* at S. 1. Activity develops at A. 2. Activity 
pas-seji away froni A. Activity develops at It, 4. Activity puhscs away Iroui B. 

b. Activity j.s persi.stin),j lonsicr at e.\« if(d |)oinl.'. tlmii in a. Stimulate fibre at S. 

First line: activity dcv<-l<ip.s at A. s«»-oiid line; cijiial activity at A and B. Third line: activity has 
liasseil away at A and i> still pcrsistinit at li. Fourth line : ch ctrical ehaiifrcs : 

Activitv at A jjiveh rise to a iiioiiojihasic upward directed si»Lkc. 

Activity at B gives rise to a similar ilownward spike. The curve actually obtained is the upstroke of A 
continued along the inferriijited line. It is tlie resultant of ala«'hraie summation of curves A and B. 


other ftictors. In filtres of large diameter (20//) the duration of the spike 
is about 1 millisecond. 

During the upstroke of the spike leaks into the fibre from the 

surrounding fluid ; during the downstroke K’’ is supposed to leak out of the 
fibre into the surrounding fluid. During the recovery period the normal 
resting ionic distribution is re-<.*sta}/]ishod. 

Diphasic Action Potential. —The experiment is repeated with this differ¬ 
ence : the twt) points A and B from which the leads are taken are both normal. 
Stimulate at point 8 (Fig. 288, a). The impulse njaches A setting up the 
usual, upwardly recorded, spike potential which represents the development 
and subsidence of activity at A. While the spike potential is being recorded 
at A, the imjtiilse is moving on at its characteristic velocity towards B. Let 
us supftose that A has already come to rest when the impulse reaches B. B 
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hec^OTnort active compared to A and the spike potential produced here is 
directed downwards (it is due to nefj^ativity at the distal electrode). The 
passa-j^e of the impnls(^ ]nist tlie two electrodes A and B produces two deflec¬ 
tions, th(‘ initial om^ (upwards) and the final one (downwards) ; this double 
deflertion is calhul tlie diphamc variation. Tin; detailed features of the 
dif)hasic variation depend on (i) the duration of the period of activity at A ; 
(ii) the time, taken for the impulse to travel from A to B ; this in turn depends 
on (n) the distance hetween A and B and (h) the velocity of conduction of the 



ri(!. 'isn. DiajjjoiTii ill'(’urrcnt Iin Norve during fuissajic ol a 
Bi-ift rnlsf ul (’urrenl. (Afu-r Kiitz, from Kulloii, Textbook of 
Phyfi'udoijif. \\. I». Saniulers & Co.) 

l lrpcr tla; (U>tri1nitiiin of <Mirrcnl lltm from anoiic ( 4 ) to (.atlKMl*.* ( ), 

oiitsidi- thr iinMiilminr {ix. through tin* iiitiT.stilial (luiil), across tla- mcmbriinc. and 
inside the filire {i.v. in the 

I.owcr iliairnnn sliows rncmhraiie current density. It is «;rcatcst .-jt tiic catljodc iind aruMic 
and deelims iii an cvf»<inential manner with tiistance from tlur electrodes. Nerve 
excilahiJit> is inen-ased at tin* t-aliaMle (eateleetrotonu.s) and is decreased at Mie 
a male (ancicctrotonii.s). 

imj)uls(\ Tin* «liphasic vtiriation in Fig. 288, b, is the algebraic sum of the 
overlapping " })ot<‘ntial changes (spikes) produced at A and B. When 
leading from two normal points (A, B), the occurrence of a diphasic potential 
proves that the impulse has Iteen propagated from A to B. The occurrence 
of a mono phasic dvjlection under these circumstances proves that the dis¬ 
turbance is localized and not conducted. Diphasic variations are sometimes 
diilicult to inter|)ret; mono])hasic variations led from one normal and one 
injured^ ])oiMt are preferable when one is aiming at a detailed analysis of the 
potential wave and especially when after-effects are b(‘ing studied (p. 489). 

Production of Nervous Impulse.- -This is most conveniently examined 
when the fibre is stimulated by means of a brief pulse of current. Fig. 289 
shows diagrammatically how the current flows from the electrode connected 
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with th(» anode, through the fluid outside tlie membrane, through the mem¬ 
brane, to the interior of the film;, and tlien out again to tlio electrode con¬ 
nected with the cathode. The electrical cJiange set u]) in tlie neighbourhood 
of the electrodes is called eUcfrofonus : cateleHroion ug at the catliode ; anelcc- 


trotonus at the anode. Electrotonus is a localized (dectric^al change ; it is 
maximal at the electrode and diminislies in magnitude {decremc/iHs) ex¬ 
ponentially with distance from the electrodes; on switching the current 
on and off it rapidly builds up and subsides. 

The following events are observed on increasing the strength of the 
current. The electrotonus progressively increases in size (Fig. 290). At the 
cathode it is associated with increased excitability of the fibre, at the anode with 
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Fio. 290.—r)ov<‘l()prn(?nt of Cati'loctro- 
tonus and Sj.)iko l\.)tential in Stiiiui- 
lated Nerve Fibre. (After Hodgkin, 
Proc. roij. Soc, li., J93«, and Nevv<<ni, 
Recent Advances in Physiology.) 

ElectriciU chHnj:e.s firoflucod in iuTve fibr»* at tin* 
stiiiiiLluliiii4 iratiiodr) Ijv prnun'S' 

sively iiierefisi-d sfiniuli. 

Ordinati' : iiia^nitudr of ivspoii.-K* as fraction of 
full sfuki* iiutcntial (i.e. fraction of 40 
millivolts). 

Note tlie proKre.ssivi'ly increasing local cat- 
elcctrotoniis. With the strongest Htiinnli 
employed (a. h) the catch'ctrotoiius d«*vclops 
into a full spike jiotentiul of which onlv the 
onset is here sluiwii. 


decreased excitability. When catelec- 
trotonus reaches a certain magnitude, 
an impulse is generated at the 
cathode as shown by the appearance 
of a propagated spike potential (Fig. 
290 a, b). It seems that the current 
flow at the cathode alters the state of 
the membrane : when this so-called 
“ depolarization ” (better, change of 
polarization) reaches a critical mag¬ 
nitude, an im])ulse is set up. 

To recMfiitulate : the electrical 
stimulus first sets up a localized 
electrical (diaiige in th(‘ fibre (electro- 
tonas) ; when tlu; catelectrotonus has 
risen to a threshold size it generates 
a f/ropaifated electrical change* (the* 
spike potential). 

In considering the observations 
recorded above it should be renuiin- 
bered that under natural conditions 
nerv(* fibres are not stimulated mid¬ 
way along their courst;. In the case 
of the afferent neurones the nerve 
endings are stimulated by ap])ropriate 


stimuli, c,//. touch, heat, cold, stretch. 
It is supposed that the natural stimuli produce tin; same sequence of changes 
in the nerve endings, ?,c. localized catelectrotcmus followed by a projiagated 
action potential. In the ca.se ot all otln;r neurones the impulse is generated 
in the cell; the problem there is, how do(;s an impulse arriving at a synapse 
stimulate the adjacent cell body ; this question is considered on p. 522. 

Propagation of the Impulse.—The spike potential acts like a travellinq, 
stwiulahng cathode. Consider Fig. 291 : at the boundary of the active region 
of the fibre, t.e. at the site of production of the spike potential, a local closed 
electric circuit is set up, the current flowing from the positive re.sting resgion 
to the negative active region ; this local circuit in front of the active zone 
is identical with the local circuit set up at the cathode, i.e. it is a region of 
momentary catelectrotonus. When this catelectrotonus rises to the requisite 
magnitude it alters the membrane sufficiently for an impulse and spike 
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potential to be set up. The fipike potential acts, then, as the stimulus to the 
zone of nerve fibre inimediately adjacent to it ; via the slaqe of catelectrotonus, 
the spike potential (and impnlse) are prof/ressively propaffated alony the fibre. 

It follows that the local magnitude of the s{)ike potential de})end8 on the 
local functional state of the fibre at each point, and not on the magnitude of 
the exciting stimulus. AVherever a patch of membrane is “ depolarized 
it yjroduces the maximal spike potential which it can. If a region of a nerve 
fibre is depressed, e.g, by local anaesthetics or injury, the affected region, 
when stimulated by the arrival of the electrotonic vrave (which travels in 
front of the spike potential) responds wdth a subnormal spike potential which 
is the best the depressed region of fibre can produce. If a length of fibre is 
uniformly but partially narcotized, the spike potential (and impulse) travel 
through it with a uniformly diminished intensity. When the spike potential 
reaches normal tissue again, the forerunning electrotonus generates a spike 
potential of normal magnitude once more. 

By means of these circuits an impulse can “jump'’ a narrow region 


LOCAL CIRCUITS AT BOUNDARY OF IMPULSE 



DEPOLARIZED ZONE 


Fto. 201.—Projjagation of Nerve Impulse. (After Hodgkin, 
J. Physiol, 10:n, 00, 183.) 

Tim impulse i« luovitm from riKhl to loft in tlif norvo fibn*. Dopolnrizod 
zonr—aclivf ami, which h the site ol the sj)ikc pot<‘ntial. It 
Kcneratcrt a current Ihiw in the adjacent part of the fibre which 
Mcts up first a catclcclroUmus and then a spike potential. 


of complett^ block. The spike potential is arrested when it reaches the block ; 
but the local circuits can pass through it to excite the normal nerve fibre 
beyond. It has been found that if the Jiiagnitude of the catelectrotonic 
potential reaching the normal zone is as small as 10% of the spike potential 
it can just excite the fibre aiul |)roduc(*. a propagated s])ike potential. 

AKTKR-P()TKNTiALS. --The spikf'. potentifil is followed in most fibres by 
a negative after-potential and then by a positive after-potential. The 
negative after-f)otential shows itself by a retardation of the rate of descent 
of the terminal part of the downstroke of tln^ spike ; the positive after¬ 
potential consists of a descent below the resting level followed by gradual 
recovery (Fig. 292). Tyf)e B nerve fibres (p. 493) do not display a negative 
after-potential. The after-potentials fire of long duration compared with 
the syiike. During the negative after-potential the excitability of the fibre 
is increased and the conduction rate is faster ; during the positive after¬ 
potential the fibre is in a subnormal state, and both excitability and con¬ 
duction viilocitv are. depressed (cf. Fig. 293). 

AlUor-Noiie Relationship between Stimulus and Response.—The 
magnitude of the spike potential (impulse) set up in any single nerve fibre 
is independent of the strength of the exciting stimulus, provided the latter 
is adequate. An electrical stimulus below threshold strength fails to elicit 
i6* 
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a prof)ajzatii(l spike potential ; if it is of threshold strength or over, a spike 
(nervous iinpuls<‘) of inaxiniuni magnitude is set up. Either tlie single 
fibre does not respond with s}»ike [)roduetion, or else it res])Ouds to the utmost 
of its ability (under the tMniditions at the moment). This property of the 
sirifjle nerve, fibre is tt'rmed tlui all-or-hove relatiomhip ; it should be 
emplmsized tliat tins relatiorishi]) applies only to the unit of the tissue. It 
applies also to skeletal muscle (the unit being the individual muscle fibre) 
and to heart (the unit being the entire auricles or the entire ventricles). 
Stimuli too ivvak to prodiur a spike do, however, set up a local eleclrotonus ; 
as already explained, tin* magnitude of t he. eleetrotonie. ]»otential jirogressively 
increases witli the stn'iigtli of the stimulus until a spik(^ is generated. The 
all or-noue relationship a])plie.s only to spike productioji. 


SPIKE 


NEGATIVE POSITIVE 

AFTER- AFTER¬ 
POTENTIAL POTENTIAL 



10 20 30 40 50 60 70 00 
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Fkj. 2‘J’J.—Aft< r-potontinls ef Xi rvt* Jini)ulsc. (GasRer, 
J, fijipt. IIKJS, .% SS.) 

Ordinate ; iiiajinitudi’ (if in rvf fioteiitials in arbitrary units. 

Ahsei,s^,a ; duration of |>otenUal.'. 


The above account deals, as stated, with the responst? of a single nerve 
fibre. If a nerve trunk is stimulated, then as the exciting stimulus is progres¬ 
sively increased abovti threshold a larger number of fibres respond \ \\\e 
explanation is that the minimal elTectivt* {i.e. threshold) stimulus is adequate 
only for fibres of high excitability, but a stronger stimulus is required to 
activate fibres of lower excitability. Finally a strength of stimulus is reached 
which excites all the Jjerve fibres ; increasing the stimulus further does not 
increasfi the response of the whole nerve. 

Changes in Nerve during and after Activity. (Jhanges in excitability 
and conductivity occur after the appearance of the nervous impulse, and 
these changes run parallel to one another, (i) For the duration of the spike 
potential the fibre*, is absolufelg refraelorg. No stimulus, no matter how strong, 
can initiate a fn^sh impulse in this region ; nor can an impulse generated 
elsewhere ]>ass through this area. Neither excitability nor conductivity, 
therefore, is present, (ii) The next few milliseconds represent the period of 
partial refractoriness. At first a very strong current can excite the fibre, 
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whicli re 8 |)oiiii.s witli a .subiK^rmal ripikt*. Tlj(i streiijrtli of tJie iiiiiiiiiial 
exciting stinnilu.s j)rogressively falls until excitability njtunis to norinal.* 

(iii) During the negative aftej*-potential, excital)ility is supranonual, while 
(luring the positiv(i after-|)ot(*ntial it is subnormal. 

The fibn^s of largest diameter njcover to 90';^ of the normal in 1 in,sec. ; 
this means that they (•ould conduct 1(J(X) impul.s(;.s per second of nearly full 
size, at least for short periods. Motor fibres rarely have to conduct naturally 
at rates exceeding 100 lot) ]>er second ; sensory fibres uiid(u* extreme experi¬ 
mental (onditions may iiave to conduct at dtk) 4<K) per second. Normally 
then those tibnjs can readily cope with the lower fre(jU(>Mci<‘s with which they 
hav(‘ to deal. 

Fihn'.s of smaller diametcM* n‘cov(‘r more gradually and consecjuently 
the upper limit of impulse frequ<;ne,v whitdi they can transmit is lower than 
ill the case of larger fibres. 

One of the reasons why a nerve fibre can respond to continuous stimula¬ 
tion for hours without fatigue is that the fibre is conducting not continuously 
but intermittently ; any stimulus falling during the refractory period is 
ineffective, and the fibre responds again only when it has nscovered to some 
extent. 

Metabolism of Nerve Fibres.^- Minute* (piaiititic's of heat are liberated 
by nerve fibres at rest, during, and after activity. 

(i) At reatj 2x U) ^ g. calories are given off‘ jx^r g. of nerve ])er second ; the 
energy liberated is probably being used to maiiita,iii the fibn? in its normal 
excitable state. 

(ii) The passage of one impulse througli I g. of uer\T liberates 1x10 '^ 
g. calories ; this iaiV/a/ Jiaat production is vt‘ry abrupt and coincides with the 
spike potential. 

(iii) During the recovery period th(*re. is further liberation of iu'at {delayed 
heat), whicli is 8-0 tinu's as givat as the initial heat ; this energy is used to 
restore the normal excitability of the fibres. 

(iv) Increasing the frcijinmcv of stimulation rais(‘s tin* total heat 
production. 

(v) In the absence of osifyen there is a prognsssive falling off in the initial 
heat,^ a similar falling oft’ in tin* d(*layed heat, a j)jogressive but not cjuite 
paralhd decrease in the size of tin* spike potential, a,nd after 2 3 hours, 
extinction of all activity in tlie iierv<‘. When oryyen is rcathnif/ed the 
capacity for hiiat production returns and recovers fully in 1-2 hours. 

(vi) Nerve fibres use ojryycn and liberate (Y>o ; tin* res|)iratory exchanges 
are increased by activity. 

Metabolism of Neurones. The heat pnxlnction of lu'rve fibres, as 
indicated above, is extremely small. Hill has calculated that stimulated 
skeletal muscle gives olT about KXK) times the amount of heat releas( 3 d by 
an equal weight of uerve fibres stimulated for tlie same tinu*. It should be 
remembered, however, that a nerve fibre is merely the long process of a neurone. 
The metabolic rate of neuroims, unlike that of nerve fibres, is extremely high. 

^ Similar changes occur in heart iiiiiscle though the sequence of events is much 
slower (cf. p. 23o). 

* Hill, Chemical Wave Transwisaion in Nerve^ (Cambridge, 1932. 

* In fnuacle, the initial heat is unaffected by oxygen lack, while the delayed heat is 
almost completely abolished (cf. p. 431). 
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Interesting coin])arisons can be made between brain and skeletal muscle. The 
blood flow to tlie brain (p. 306) is 54:£12 c.c./l(K) g./niin. ; the arterial- 
venous Og difference is 6*5 c.c./lOO c.c. ; the Og consumption of brain is 
thus 3*5 c.c./100 g./min. The blood flow to violently contracting skeletal 
muscle (p. 433) is, say, 40 c.c./lOO g./min.; let us assume that the venous 
blood is completely reduced, the arterial venous Og difference thus being 
19 c.c./lOO c.c. The Og consumption of muscle is then 7-5 c.c./lOO g./min. 
But the brain contains much white matter, i.e. nerve fibres, with a low meta¬ 
bolism and a poor blood supply. Taking this fact into account, it appears 
that the metabolic rate and blood supply of cerebral grey matter is of the 
same order of magnitude as maximally contracting skeletal muscle, a sur¬ 
prising but important conclusion. 

The blood supply of grey matter is not related to the number of nerve 
cells present, but to the wealth of synaptic connections. Thus a dorsal root 
ganglion which contains many nerve cells but no synapses has a relatively 
small blood supply. It would seem, therefore, that the level of metabolic 
activity at synaptic terminals (presumably in relation to transmission pro¬ 
cesses) is very high. 

The oxygen supply of the brain, though so large, is not greatly in excess of 
cerebral needs ; any reduction in the flow or in the oxygen tension or content 
of the blood soon leads to disturbed brain function. The metabolism of the 
brain (and of nervous tissue generally) is peculiar. It can apparently only 
metabolize carbohydrate ; but as its glycogen content is very small it is 
dependent for its energy on its contemporaneous blood sugar supply. A fall 
of blood sugar (hypoglycfleniia) in man produces predominantly sym})tomB of 
cerebral dysfunction (p. 915). Lack of the vitamins which participate in the 
enzyme syst(*m.s concerned with carbohydrate breakdown (e.g. thiamine, 
p. 1026) ])rodiices derangement of the nervous system and ultimately 
j)ermanent damage. 

Different regions of the brain respond in a distinctive manner to physico¬ 
chemical changers in their environment. Thus the respiratory centre is 
markedly .stimulated by COg excess or a rise of II ^ ion concentration ; 
a])omorj)hine acts s])(H ifically on the vomiting centre ; cells in the hypothala¬ 
mus are sensitive to minute variations in blood temperature ; morphine 
seems to act at the thalamic level ; in fact much of the pliarmacology of 
the central nervous .system is an e.xpres.sion of the individual characteristics 
of different grou})S of nerve cells, which may prove to be associated with 
m etaboli c j )ec ul i a ri ti es. 

Types of Nerve Fibres.—Three main groups of nerve fibres are 
recognized : 

A fibres : all medullated sotnatic nerve fibres whatever their diameter 
(range 1 20 n). 

B fibres: medullated (i.e. preganglionic) fibres of the. autonomic 
nervous system (diameter range 1-3//). 

i) fibres : all non-mcdullated fibres, somatic or autonomic (diameter 
under 1 /i). 

Properties of A Fibres. —These have been studied in greatest 
detail. 

(i) Conduction velocity : this is directly proportional to fibre diameter ; 
fibres of 1 /i conduct at the rate of 5 metres per sec. ; the largest fibres 
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of 20 // diameter conduct at the rate of 120 metiers f)er sec. ; fibres with 
intermediate diameters conduct at intermediatti velocities. (Roughly, the 
diameter in multiplied by 6, equals the v(?locity in metres j>er sec. ) 

(ii) The height of the spike potential is directly ])roporti()nal to the 
diameter of the fibre. 

(iii) Fibres with the largest diameters are most excitaf)le, v’.c. th(‘y respond 
to weaker stimuli than thinner fibres. 

(iv) The time rolationsliips and (‘haracteristics of the phases of the 
recovery process are shown in Fig. 293. After th(‘, initial full n'covery there 
is first a phase of increased excitability corresjouding to the negative after¬ 
potential, followed l)v a second 

phase of decreas(Ml excitability ni 

coiTesf)onding to the positive after- | ^ f\ 
potHitiai. 

FROeKRTJKS OF H AND ( 

FliiRKS. B fibres (unlike A or ^ 

C fibres) develop no negative* after- f 

potential and therefore do not ^ , , , , , " 

show the associated y)hase of supra- ^ 

normal excitability. (1 fibres ^ 120 - A C 

resemble A fibres in their general ^ n 0 - /\ 

characteristics but all the events _ 

art! on a smaller scale and greatly so 

drawn out in time (Fig. 293). gp li 1 1 1 1 t 

Time Factor in Excitation. 0 100 200 300 400 soo 600 

In considering the effectiveness of MILLISECONDS 

a Rtirniilus, attention must 1)« paid Beeverv of Kx. itahUifv of A. 

not only to the strength of tln^ IL and C Xerve Fif>rcs, .atlpf Single 

current, but also to the time liespoiLsns. ((;a.ss«*r, Ohio, J. 1941, 

during which it is allowed to flow ^ 

through the tissue. A strong current a. a. c nbro«» n sr^ctivoiy. 

I iv Ordinalr: ttf fxritabilitv. U«)--l'ontr»>1 Icvrl 

produces a response after a very or rxritabiiity. 
short time of flow; as the strength 

of the current is nuluced a longer Ali-^cissa : tlu- tum' imi rval bctwmi Uu* stinuihis 
duration of flow is requin^d to P^h..vd tiu- 

stimulate; if the current fulls 

below a minimum value it fails to stimulate no matti'r how long the 
duration of flow. The relationship between the current strength and the 
duration of current flow necessary to stimulate is shown in a strength dnmfion 
curve (Fig. 294). 

, Chronaxie and Riif.obask.— The weakest current strength which can 
excite a tissue if allowed to flow tlirough it for an adeejuafe time is (*alled the 
rheobase. (A still w’eakcr current fails to stinmiate no matter how long the 
duration of current flow.) The tissue is then tested with a current strength 
equal to twice the rheobase ; the duralion of the current flow which stimulat es 
the tissue under these conditions is called the chronaxie (Fig. 294). 

Chronaxie values are a useful index of the relative excitability of tissues ; 
thus the chronaxie of nerve fibre is considerably shorter tlian that of skeletal 
muscle. (The changes in the strength-duration curve and chronaxie of 
denervated skeletal muscle are considered on p. 506.) 
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ACCOMMODATION IN NKR\'E FIHRKS 


Accommodatiux.^ — A <nirrent which rises suddenly to its full value is 
more effective* and exentes at a lower tliresliold than if it rises slowly. In 
the case of nerve fibre, tlie current must liav'e a minimal t^radient, in order 
to excite : if t}H> eurient rises more slowly than this, it is ineffective no matter 
what strensrth it ultimattdy attains. It is sutr.irested that tiie tissue, if allowed 
sufficient time, sets ii]) a “ resistance to tin* current and so to sa}' “ accom- 
modat(^s ” itself to it. The currtmt seems to s(‘t up some process which 
counteracts the stimulus and cons(*(juently increases the. thr(*sliold at which 
excitation can occur. The nature of this proce.ss is unkuowm, but it is called 
■' accommodation. ‘’ 



DURATION OF CURRENT FLOW 

Kio. 2U4. - StrciJLUl^-Duration C’urvr. fflioohaso and Chrojiaxir. 

I hc <-(irv<' show.-i t)i«' rrlarlon-liip tlip /sirt‘nifUi orsfimij|;»t.i«ai ((‘lim-nt strfuuthj 

and till- ininiimmi JiinitloH o^^>tilnuI;ition <».»». duration of rMirn nl How) npiTHsary 
t'O set up an iinpiilsi;. 

K — JUicol^iisp.. 

-Ml II. 

Wlifn 211 is the strotmlii ni stiiniilu^ tin- ininiiiiuni liiir.-itio?] of rnrnMjt How which 
c:ui produce excitation i.s call*'<l the chronaxic (('). 


To determine the accominodation tin* ti.ssm^ is stimulated wit h currents 
which rise at difTtuent rates ; the tlire.shoId strength is noted. If accommoda¬ 
tion is rapid (or “ good ”) the threshold strength with a given rate of current 
rise is high : if accommodation is slow^ (or poor ’'*) the threshold strength 
with the same rate of current ri.se is low. If accommodation is lacking the 
threshold will be at the same h*A’el irresjiective of the rate of current rise.*^ 
Impaired accommodation is ]»robably responsible for the phenomena of 
telany (p. liX)l). 

Effects of Nerve Section.'^—1. Changes in the Nerve Cell. — Chroma- 
tolysis occurs in the nerve cells giving ri.se. to the cut fibres. The changes 
begin vj^ithin 48 iiours of section of the nerve, and reach their zepith in 16 
to 20 days. Tiie Nissl granules break up into a fine dust; later the dust 

> Kugelborg, Acta physioh scand.^ 1944, H ,Suppl. 24. 

* A Bimilar phenomenon in nerve endings is called “ adapt ation (p. 550). 

* Cajal, Degeneration and Jiegeneration o/ Nervous System, 2 vols., Lomlon, 1928. Vounc 
Physiol. Rev., 1942, 22, 218. 
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may lose its staining njjietioii, and tin^ cell ajipears colourless (Fig. 295). 
The Golgi ap])aratiis fragments and dwindles in anionnt. The cell swells 
from incHMised fluid content, l)(‘coines rounded and the mujrofibrils dis- 
ay)])ear. The nucleus is disf)laced to the ceil margin ; it may he completely 
extrud(;d. In which case the (!ell atrophies and finally disappcjars. 

The degree of ^diromatolysis depends on (i) the prf)ximity of the site of 
section to the ncrvt^ cell ; (ii) the nature of the section. If the nerve is 
forcibly torn, death of the cell ofUm results. 



Fic. 295.—Changoa in Nerve. Celts of Spinal Cord during Cliroinatolysia. (After Ponfield 
and Do)ley, from Kultnn, Physioloijy of Nerrou,^ System.) 

A. QolKi apparatus. Vroiii IkM I.«» riuht : Tiorinul cell ; break-up of apparatus 7 days after section of 

axon : dissolution of apparatus after sort Ion <)f spinal coni. 

B. NIssI Kraiiules. From left to right: nuniial cell; moderate chromatolysis from fntiKuc ; extreme 

rhromatolysis. 


Repair begins in 20 da vs and is eompleted in 60 days. The Nissl granules 
and Golgi apparatus grudually r(*a|)]>ear; the cell regains its normal size, 
and the nucleus returns to its central position. Cell repair may occur even if 
the axon does not regenenite. 

Afferent Neurones, (i) If tlie peripheral axon of a dorsal root ganglion 
is divided, the changes described tibove occur, but pass away more rapidly* 
(ii) If the central axon is cut, the changes in the ganglion cells are slight. 
[Similarly, in tabes, where the central axons of the dorsal nerve roots are 
damaged by syphilis, the ganglia show very slight changes.] The synaptic 
termimls spinal cprd (p. 522) show characteristic, changes ; ttoy swell 

after 24 hours, begin to disintegrate after 3 days, and disappear in 0 days. 
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DEGENERATION IN CUT NERVE FIBRES 


Central NervoKs xS;/fs7r/>/. -Most of‘ the aiTected oolls atro|)hy completely. 
As usual the atroj>hy is more intense when the fil)res are cut close to their 
parent cells. 

Changes in aidonoviic ganglia are dilliciilt to demonstrate owing to the 
normal sparseness of the NissI granules. 

Chromatolysis also occurs in exhamtion, intoxications^ and decreased blood 
supplff. In htiperpip'cxia, e.g, brief exposure to 109° F., or more prolonged 
^xposure to 107° or 108° F., death of the cell and coagulation of its substance 
result. 

2. Changes in the Nerve Fibre. - (1) Htaok of Deoenekatton.— 
The part of tin* nerve fibre distal to the point of section undergoes degenera¬ 
tion. The process sets in within 24 hours and on the third day the fibre 
ceases to conduct impulses. Histological and ch(*mical changes occur 
simultaneously along tlie whole length of the distal stump. The axis cylinder 
splits up into short lengths : the medullary sheath breaks up into oily droplets 
of varying size. During this period the fibre stains bhu'k with Marchi’s fluid 
(p. 499). Degejuiration may occur in the ctuifral (uid for a variable (usually 
short) distance from thi^ ]U)int of section. Degiuieration is coinpltge in .‘1 
weeks; the filue debris is then removed by surrounding niachophages which 
penetrate into the neurileminal tubes (Fig. 296), tin*, }>n)C(‘ss being comj)lete 
in 3 months. 

Soon after the section, tlu‘ nuclei of the Schwann cells divide initotically 
along the whole course of the peripheral stump; the responsible stimulus is 
unknown. The Schwann cyt oplasni likewise im^reases in amount and gradually 
fills the neurilemma] tulx^ as the debris is removed. Tlu^ Schwann tissue 
differentiates into thin (dongated cells which grow from the cut <nid of the 
distal stump and sprout in all direc^tions, j)rogressing at the rate of 1-2 mni. 
per day. The useful ’* growth is towards the central eiul of tlui cut nervt! ; 
in this way tlu? Schwann tissue may bridge a considerable gaj) between tin*, 
two ends of tlui cut nerv(*, even up to 3 cm., and establish (jonnections with 
the central (*nd. If the two cut ends of tlie muve are si itched together the 
Schwann cells readily establish a fibrous bond of union. The peripheral tubes 
shrink to half diameter in 7 weeks and may so ])ersist for about 18 months. 

(2) Stage of liEOE.VEiiATiox (Figs. 296 298). At the same time the 
central axons elongate and grow out in all directions. Each growing fibre splits 
and may give rise* to many, even up to KK), fibrils. The regenerating fibrils 
meet the Schwann cells which serve as a mechanical bridge to guide the fibrils 
to the peripheral neurihmimal tubes. As far as is known chemical attractive 
foTCA'S are not involved. Two or three weeks after the section, the peripheral 
tubes contain varying numbers of developing fibrils, some none, some as many 
as 25, attached to their inner w^all and steadily growing distally (Fig. 296). 
Some fibrils may pass between the tubes and somehow receive a covering of 
Schwann tissue. Finally all the libnis in any distal tube degenerate except 
the single successful one which y)rogressively enlarges to fill the tube. Fibrils 
from one fibre may enter several tubes liut probably only one fibril can survive. 
The daily rate of growth is 0-25 mm. in the junctional area of scar tissue, 3-4# 
mm. in the perij)heral stump, and rather faster in the distal end of a crushe.d\ 
nerve wlujre the mechanical conditions for regeneration are easier than in a cut i 
nerve. Medullary sheaths begin to develop in about 15 dajs and follow the 
course of the fibre (Fig. 297). Increase in fibre diameter takes place very slowly 
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(Fig. 21KS). The diameter finally attained i« limited by tlie diameter of the 
peripheral tul)e and the size of the parent nerve cell. A thick fibre cannot 
develop in a thin neurilemmai tube ; the developimnit of thick fibres in 



Fig. verse Section of Fibres in l^Tipheral Stump of Xervt?, 2 cm. distal to site 

of Seel ion. The; mrrve had been cut 25 days previously and the cut (uids immediately 
sutured. (\'ounj», PhytiioL Per,, 1042, 22, 33K.) 

N - -norve llbrils, stniic cut loiiuitudiuaily uiul »oni« traiisveraely duller appear as coarse dots); fcJ, P - nuclous 
and urotoplasm respectively of Schwann cell; Mmacrophage nueleiia and related cytophiam. 
Mucrophujrea have invaded the Schwann tubes and compress Schwann luiclel (f.g. right-liand tubes). 
Many tine iierxe fibrils run along the inner a8{>e(‘t of the'membrane lining each tube. 



Fig. 207. 'JV/iiisver.se Section of Peripheral Stump of ilahbii's Nerve severed 150Mays 
previously. The stum])s were left uiisutured and union was made by outgrowth. 
Aledullation is ctjusequently somewhat retarded. (Voung, Phyaiol. Rev., 1042, 22. 
341.) 

M - macrophage nucleus; I* relat.»^l cyiopiasm ; Schwann nucleus and related cytoplasm; My - 
myelin of developing nerve fibres ; 1*'> - fibroblast. Mote that the Schwann tul>es contain one to four 
nerve fibres of varying si7.e witli developing iiiyelin slieaths. Only one tube (FT) is uuinnervated. 

general is hampered by the shrinkage of the })eripheral tubes to which reference 
was made above ; a small cell can only give rise to a fine iibre even when the 
latter finds itself in a large tube. Regenerating rabbit nerve 2 cm. below the 
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point of suture examined 2()0 days after the section showed very few fibres 
exceeding 2 // in diameter. 

The frameworks oi' the sensory and motor cmh'nys ean persist for months. 
Wlien tlie growing axon tip ultimat<*ly reaches the nerve ending it establishes 
a connection with it which at first may be atypical in app(^arance l)iit later 
becomes normal. A good many fibres will establish connections with new 
kinds of enditn^s in new situations : th(‘ functional c()mj)li(^atious that may 
result are discussed on bnfi. It is possible that when a number of nerve 
fibrils grow down one tube to the same ending the a]>propriate one alone 
survives to establish eiTective. connections. It is conceivable also that wlien 
a new fibre. reach(\s skin or muscle it may call forth locally the appearatice of 
a suital>le ending, fin tissue culture, when a nerve fibre meets a myoblast a 
motor end plate is fornu'd.] As is explained later (p. oo?) functional recovery 
lags considerably behind anatomical regene^ration. 

I Eeijenemlion never takes place in the central nervous sjfstem : regen(»ra- 
tion of the central axon of a dorsal nerve root may f)ccur as far as the pia, 
but there is no penetration into the spinal cord. 


a.5 50 100 150 

Kicj. 298.-- Sluge.s in iVngrcss ol Urgeneration in S<*li\va.nn Tiiho after 
imnjfdiatr Suture in Jlal)l>it. {Figurrs sJiovv time ;i,fle*r suture* in days.) 

{Young, }*hymol. Kev., 1912, 22, 342.) 

25 (lays : many flue fibres at etijro of tube. 

50 (Jays : oiie or two Ul»re> have enl.'irired amJ arc; pJaeed more (Centrally. 

10U-15U (lays: one lar^e mudnHated fibre oetMipius cuntn; o( tube, the fine, fU)rea 
Btill rumaiuiim at tlie peripl«(ry. 

400 days : fine fibres have disappeared ; centra] fibre has fiirtJiur enlarged. 

Transneuronal Degeneration. —A nerve cell may sometimes undergo 
degeneration if the afferent fibres jiassing to it an? cut. Tims w’ben the ojitic 
nerve is cut, the cells in the lat(;ral geniculatt*. btidy (round wdiich the optic 
nerve fibres end) undergo chromatolysis; these cells, liowever, receivt* 
afferents from iio other neurones exce[)t those arising in tlie retina (p. 575). 
But similar degeneration may occur after dorsal root section in the cells 
in the dorsal horn of the spinal cord wliieh receive collaterals not only from the 
dorsal nerve root hut also from descending fibres. Die ventral horn cells may 
degenerate in cerebral tumours involving the precentral convolution although 
ventral horn cells receive afferents from very many sources. Transneuroiial 
degeneration may he a factcjr in the jiathogenesis of system diseases, e.g. 
when both the pyramidal tract and tin; lower motor neurones are involved. 

Staining Reactions of Nerve Fibres.- (I) Osmic Acid. - Normal 
medullated nerve fibres stain black with osmic acid which is reduced to the 
black osmic oxide. 

(2) Weigkrt-Bal Mkthod. —For accurate investigation of the white 
matter of the in;rvous system, the iis.sue must lie fix(;d and hardened for 
a long time (weeks) in Muller’s fluid (w6iak bichromate solution). To 
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demonstrate are,iis oi' sclerosis or re;j[ic)ns wlune the nerve lihres hav<* 
been destroyed and Jja\ e coiiipletely tlisapjxjared, tlie Weigert~Pal stain is 
euiployed. The principle of tlie method is to stain th(‘ whole section black 
with a modified hiematoxylin stain. The stain is then removed from th(* 
diseased (sear) arenas by means of blf‘ac;liiug agents like potassium perman¬ 
ganate or sodium sulphite. Tlie uonnal fibres stain a deep blue-black, and the 
scar areas remain (/nite colourless. 

(3) MARCiirs MKTifoiJ. Marchi's fluid (a mixture of potassium bi¬ 
chromate and osmic acid) do<*s not airect normal nerve fibres, but stains the 
sheatlis oJ* fibr<?s in the earh/ stages of degeneration black. Tin? reaction can 
be obtained between tlie 8tli and 21st day and is Jiiaxiinal about the 12th 
day. Th(^ mod(‘ of action of th(‘ stain is obscuri‘. 

(4) Special stains must bi^ em])loyed to demonstrate uon-nieduLlated 
tibre.s. These tei.hni(|ues havt! revciiled thi‘ very widespread distribution of 
non-medulhited libres in the central nervous system. 


PROPERTIES OF THE MOTOR UNIT' 

The Motor Unit.-- Skeletal museles rt*eeiv(? their motor nerve supply 
from the ventral horn cells of tin* spinal cord and tlie corres])OJiding cells in 
tin* motor cranial nuclei. Each ventral horn cell (or cranial eijuivalent) 
supplies a considerable munber of muscle fibres, varying with the individual 
muscle, from 5 to loO. A \entral horn cell and its eflerent iihre is a. motor 
neurone ; it is called by eliuieians the lower motor neurone* A motor neurone 
togi'ther with the group of muscle fibres which it innervates is called a motor 
unit. 1'iie smallest grou]» of musele fibres that can es er be employed uaturallv 
in the body, eitluif in ri'llex or vohmlarv activitv, is ob\’iou.sly that supplied 
by a single motor neurone. The musele fibres in one motor unit when throwm 
into tetanic (ma.ximal) eontraction yield a tension of 5 30 g. ; this then is 
tlie tension range that can r(*sult from the maximal di.sehargo of a single 
ventral horn cell. A single twitch of a motor unit: yi(*lds mueJi snialh‘r tensions 
(one-fifth the tetanus tension). The muscle fibres in the larger motor units 
are su|)f)lied by thicker fibres {e.g. lb p), the smaller by finer fibres (e.g. 4 p). 
The size of tin* unit varies inversely with the precision of the movements 
perforint'd by the ])art ; e.g. in the limb muscles the unit may contain 150 
musele fibres, in the eye fewer tlian 5. 

All the eflerent fibres passing to skeletal muscle are excitatory, i.e. they 
produce contraction of the musele fibres. Tliere are no eflerent nerves vrhich on 
stimulation produce relaxation or elongation of the miiscJe, i.e. there are no 
inhibitory eflerents. [In the case of smooth and cardiac muscle the efferent 
supply is both excitatory and inhibitory,] Skeletal muscle contraction under 
natural conditions always results from discharge of tlie motor neurones ; 
muscular relaxation is the result of a decrease or cessation of discharge of 
the motor neurones (cf. p. 1127). 

Response of Muscle to Motor Nerve Stimulation.—(1) A single 
electrical shock of adequate strength applied to the motor nerve gives rise to a 

^ Fnifon. Afuficutur Contrndion atnJ Ihfler Control of M ovpyrtfnJ* T.oiuion, I02l), For 
recent work on muscle action potential sei? Hixlgkin and Nastnk, cdl. comp. Physiol., 
1950, 35, 39 ; Hodgkin, Brit. wed. 19.50, 6, 322. 
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simple muscle twitch (Fig. 299). After a short latent period the muscle con¬ 
tracts and then relaxes; the twitch is over in about 0*1 second. If the 
stimulus applied is of threshold strength it can (theoretically) excite one 
motor nerve fibre and its related group of muscle fibres, i.e, oik; motor unit. 
As the strength of the stimulus applied to the nerve is increased, more nerve 
fibres, and therefore more groups of muscle fibres respond, and the strength 
of the resulting contraction is correspondingly greater. AVith what is called 
maximal stimulation, all the nerve fibres are excited and consequently all 
the muscle fibres supplied by the motor nerve contract. 

(2) If a second maximal stimulus is applied at varying intervals after tin* 
first, the following results are obtained. If it falls during the latent j)eriod of 
the muscle (i.e, the first few milliseconds), the arrival of the nervous impulse 
produces no additional response—the muscle is said to be completely re¬ 
fractory. If applied later, a second muscular respon.se re.sults, leading to 
further development of tension (summation of effects) irrespective of the phase 



Fig. 299.—.Summation of' Kt*s[)un.<«‘.s in Skcl(‘tal Mu.sclo. (After (hooper 
and Fccles, J, Pkysiol.t J930, OfK) 

Isometric Contraction Curves of Manmialian N»?rvc-Musolc I'rcp.'iration. 

Ordinate- tension in kK. 

In each record the lowj'r curve represents the n‘sponse »)r tlie muscU; to a sinulc maximal 
stimulus to the motor nerve. The continuous thick liiui re|)resents the ri'sponst; to the. 
initial stimulus followed by a second stimulus. The second stimulus in A was applied 
during' the rise of tension, in It at the height of contraction, and in C dtiriiiff relaxation. 
I’urthcr develor»ment of tension occurred in eacli c.'ise. 


of the muscle cycle in which the .stimulus is applied, i,e, wdieth(*r during 
rising tension, the height of contraction or relaxation (Fig. 299). The tension 
resulting from two maximal .stimuli applied succe.ssively at suitable intervals 
may thus be considerably greater than that from a single stimulus of the same 
strength. 

(3) If a series of maximal stimuli arc. applied at increasingly short intervals, 
increasingly complete degrees of summation take place. At low rate.s (in 
mammalian muscle, 10-20 stimuli per second) the mechanical fusion is 
incomplete and the muscle gives a tremulous response (paHial or suh-teMnus). 
At higher rates (about 60 per second) the mechanical fusion is complete, and 
full tetanus results (Fig. 300). It is essential to appreciate that the more 
complete the tetanus the greater is the tensi(m exerted by the fibres, and the 
steadier their pull ; in fact, with full tetanus it may be almost impossible to 
detect the slightest flicker in the mechanical record, though the electrical 
record shows a series of discrete waves corresponding to the arrival of each 
nervous impulse (Fig. 302, B). As fnaximal stimuli were employed in the 
experiments described in (2) and (3) above, the increase in tension produced 
by repetitive stimulation cannot be ascribed to more nerve and muscle fibres 
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coming into action. The greater tension of a tetanus cornpare/j with a twitch 
is thus due to each muscle fibre generating a greater tension when repetitively 
stimulated. 

These results are of the greatest practical importance. In both reflex 
acts and voluntary movements the behaviour of the motor units must depend 
on the character of the discharge from the motor neurones. It can be proved 
that their rate of discharge may vary from very low to very high levels, i,e, 
from 5-10 to 100-150 per second ; the degree of tetanus resulting {i.e, whether 
partial or complete) and the consequent nature and strength of the con¬ 
traction will vary correspondingly in the way detailed above. Further, there 
is some delay (slight, it is true) before the tetanus develops its maximum 



Fig. 300. —(Jonesis of Tetanus. (After Cooper and Eeclea, J. 
FhysioL, 1030, 6lf.) 

Kespoiifle of .MatniiiHlian KiTvt'-Musrlr rrep.imtion. 

Isometric (M)ntniclion records. Tension (ordiiiute) in k«. 

Lowest curve -respouso of mnstde to single viaximai stimulus to motor nerve 
(simple twitch). 

A, IL C, D -responses to rapiilly iiiternipteil vuiximul repetitive stimuli: 
A ftt lU, at 24, (' at and I.> at 11 a stimuli per second. Curves 
A, IJ, C show partial tetanus ; curve !) shows full tetanus. 

Note .a.s the frequency of stimulation rises the tension developed becomes 
greater and is sustained more stead Up. 


tension, so that the duration of the motor neurone discharge may be of 
importance also. The degree of activity of each motor unit can thus be 
finely graded from the centre. Further, the number of ventral horn cells 
activated during any reflex or other kind of act may be varied ; the number 
of motor units in action at any moment is thus regulated, and obviously the 
larger the number of active motor units (all other factors being the same) the 
greater the tension resulting. Reference will be made to these principles 
again and again in subsequent sections (e.g. pp. 542, 585, 048). 

There is another point of great importance in connection with the low rates 
of motor neurone discharge. It may be argued quite properly that the result¬ 
ing partial tetanus, owing to its tremulous character, would be of little use 
either for maintaining positions or carrying out movements. This disadvantage 
is overcome in a subtle way by making the central discharge asynchronous. 
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i.e. the cells in what is ealleil the motor nmroNr pool, wliicJi innervates the 
muscle, discharge out of step and do not lire <»iT impulses simultaneously. As 
a result, the din'erent muscle units arc all (at any one moment) in different 
phases of activity ; when one ^roup is contracting another is rtdaxing, and 
vice versa. Algebraic summation occurs, the individual variations are evened 
out and the inuschi gives a steady pull. This idea is represented diagram- 
matically fv)r t\v(^ motor units iu Fig. 301. These views will l>e used to explain 
the steady pull in decerchrate. rigidity (p. 585) .and othei postures, and in weak 
movements smdi as those of the diapJ]7‘a.gm in <juiet hn‘athing (|). 392). 

Muscle can contract under two sets of conditions : (i) isotonic., wdiere free 
shortening is permitted and its degree can lx* recorded ; (ii) Uomelric, where 
shortening is reduced to a minimum and the tension devt*lo{)ed is measured. 

Electrical Changes in Skeletal Muscle. -(1) St iimdiOion of a muscle 
through its nerve is calletl indirect stimulation. 

(i) When a nuisch* is stimulated 
indirectly, a localized potential first 
appears at tlie mtUor end plate as 
exf)Iained on }>. 512. When this end plate 
])otentia] attains a critical magnitude 
it generates a proj)agat<*d musch* a(‘tion 
potential whicdi Irav(*is simultaneously to 
lK>lh ends of the muscle fd>re (Fig. 302). 

(ii) A single stimulus produces a 
single muscle action potential ; it is 
complcr<*d during the |)hasc. of rising 
mec[iani(*al tension of the twitclj (Fig. 
302, A). 

(iii) If the nerv<' is stimulated 
repciitirelp a muscle action potential 
devidups in response to each stimulus in 
the. scries even when the mechanical 
record shows com])lete fusion of the 
(•ontraction waves (Fig. 302, B). The 
fdcctrical record thus indicates the rait* 
at which the nervt*. is IxMiig stimulated. 

(iv) When an (dectrieal stimidus is applie<l directly to a normal muscle, the 
response is due to stimulation eitlier j)f the nervn* fil>r(!S within the muscle 
or of the motor end plates ; tin* stimulat ion enifdoyed is thus still indirect. 

(2) Direct, stimulation of tin* muscle hbre.s can be achieved after treatment 
of the mu.scle with curare which blocks neuromuscular transmission (p. 51C). 

(i) When a curarized nm.scle is stimulated directly the sequence of events 
resembles that occurring in a stimulated nerve fibre. A local catelectrotonus 
is first produced ; when thi.s reaches a critical magnitude a jjropagated action 
potential is generated (cf. nerve spike potential) which travels at a low velocity. 
The interior of a resting muscle fibre is ncffalioe compared with the surface ; 
during activity the surface becomes negative compared with the. interior, i.e, the 
reMing polarization is reversed (as in rnirve fibn; (f). 484) and cardiac muscle 
(p. 240)). The muscle action potential is due to the movement of ions 
between the intracellular and extracellular fluids (cf. p. 485). 

(ii) The shape of the action potential depends (as in nerve) on the recording 



Two motor unit's (A and It) an* 

Sfntcd, whioh an* .‘^timnlatrd at tip* 
same low rat<; so tJiat. »'ttch unif 
responds witli a ])!irtial tftamis and 
tliorrfon.- with n trrimilou.-^ ron- 
tra<‘tion. If the interval tin- 

«ms‘ t ol stiiiiiilathm of A and It b 
• iuitaldy .'ipaptal {as cxjilaiurd in tju- 
tli(‘ romliinfd contr.if'tioTi of 
thr twr> uidts liads not oid\ to .a 
iin'MltT tension lait to a >t>-atin\ 
maitiTaim-d contraction (curve f). 
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conditions. Wlicn one electrode is on an injurerl patch of muscle and the 
other is on intact niuscle tlie wave is mouophasw ; when both surface elec¬ 
trodes are on normal muscle tiie re.cord is usually (liphasic (cf. f». 485). 

(3) When a miisch* is in a staU^ of tone or is contra(;tin^ voluntarily, the 
motor neurones (as explained on p. 585) discharge (“ fire ’’) asynchronously. 
The electrical recorrl ol»tM.ined under these conditions from the muscle as a 
whole (with Ix'lly-tendon or surface leads) shows rapid irr(‘"ular A^'lriations, 
quite unlike the rhythmic, repetitive yr.vttern of the electrical record in Fi^. 
302, B, which is the result of synchronous stimulation of all the motor nerve 
fil)r(is. "Jlie belly-tendon or surface, electrofle l(*ads r(‘Cortl tln^ sum. of all tlie 
motor unit activity prestmt at any moimuit in tlie muscle. In order to observe 
the rate of lirin^ oi' individual nmfitr unifs and, therefore, individual ventral 




Fio. J102.Maminnlian Nerve-Miistjle Poqwiration. Klect rieal and MechanicaJ 
Chanjies in Skidetal Muscle in response to Motor \erv(‘ Stimulation. 
(Slmrrington e/«/,, Reflex Activity of Spiuat Cord, 

in>-T nicc)iaii1nal reoonl. o-cfirst ol' \vh<»l** luusch-. Oin* rocordliivr elt rtrodp Is placed 

on the holly of the imisch.;, the t»ther <ni the lemlon OM-ny-temlon lea«n. 

A. Kosponse to siiiKle stimulus. Djpiiasie action potential which is coTupIcf»‘«l in the early part of 

the eontrnctiofi phase. Time in 0 (»1 sreond. 

B. lifisponse to stimulation at Mn* rate nf 07 per second. Tlien* is almost, complete fusion of the 

mechaiiicMl contraction waves, hut the action potential are distinct ninl discrete and 

follow the stimulation rate. 


//nm cells, it is necossury to use a conctnitric. TH*t*dh^ e]<*ctrode, i.e. a liy|>odtMTnic 
needle down which a, fine insulated wire is instntt'd so that tln‘ bare tij) of the 
wire just shows at the point of the needle. This limits the (‘.lectriejil pick-up 
to the muscle fibres in the vicinity of the needle ti]), and it is tlum relativtdy 
easy to record the activity of individual motor units and to tltdermiue their 
discharge rates (Fig. HU). 

(4) Although the motor unit is the pJiysiological unit of muscle action, 
it is possible in cases of injury or disease of the lower motor muirone to record 
the action potentials resulting from the spontaneous random discharge of 
single muscle fibres or of groups of fibres constituting a fraction of a motor 
unit {fibrillation jmtentiah. Fig. 303, A, B). Tlie normal motor unit action 
potential is the sum of the action potentials of all the individual muscle 
fibres of which the unit is composed. Thus the motor unit action potential 
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is of greater amplitude than the single fibre action potential ; it is also of 
longer duration because the muscle fibres of a motor unit do not fire off 
absolutely synchronously but with a temporal dispersion of some b 10 
milliseconds (Fig. 303, N). 

Fatigue. —If motor nerve stimulation is repoatcul for a sufficient length 
of time, fatigue develops. The latent period of the contraction becomes 



t'lO. 303.—Normal MuhcIo Action Potentials and Fibrillation Potentials. (Weddell 
e/a/.. Brainy 1044, 67.) 

Records taken with concentric needle electrode in skelehil ntuscle in man. 

N, N. Representative action potentials of motor unit of normal muscle. PotentialH 
are mainly dipiiasic. JVote t.hcir magnitude and duration. 

A. P’ibrillution potentials in denervated iiiusele. The defleciions are small and very 

brief. 

B. Occasional flhrillation potentials in anottier denervated muscle. 

C. Same muscle as in It after administering prostigmliie. (an untieiioliiiestcraHe). The 

frequency of the llbrillatiun potentials is greatly Increased. Time in 10 ni.sec. 


longer, the rise of tension is slower and smaller, and relaxation is more gradual 
and incomplete. Finally, the muscular response ceases altogether. If the 
muscle is now stimulated direMy it again responds well until finally fatigue 
once more sets in. The site of fatigue with indirect stimulation is obviously 
not in the muscle fibres themselves nor in the nerve fibres (which are for 
practical purposes unfatiguable); it is believed to depend on changes in the 
neighbourhood of the motor end plate, but their nature is unknown. The 
cause of fatigue of muscle to direct stimulation is also unknown. 



ALL-Oll-NONE RELATIONSHIP r>()5 

All-or-None Relationship between Strength of Stimulus and Size 
of Response.- (i) Wlien oumrizod skeletal muscle is stimulated directly, it 
displays the all-or-iioiie relationsliif) in the sense already defined for nerve 
(p. 489). The*, individunl muscle fibre, does not respond at all if the stimulus 
is too weak ; it resjionds maximally (for the prevailing environmental 
conditions) when th(» stimulus rises to threshold ; the contraction is not 
increased if the stimulus strength is further raised. Stronger stimuli, however, 
progressively bring more muscle fibres into action and thus the tension of a 
muscle increases as the strength of the stimulus applied to it rises. 

(ii) Similarly when a motor nerve is stimulated the muscle fibres which it 
supplies always react to the best of their “ ability.*' If a stronger stimulus 
is applied to the motor nerve more nerve fibres are activated and consequently 
more groups of muscle fibres contract, all of them to the best of their ability. 

(iii) These results are of purely academic interest, because under natural 
conditions in the body, artificial stimuli of varying strength are not applied 
directly to the muscle or to its motor nerve fibres ; the nerve fibres are 
activated by a discharge from their parent cells. More motor nerve fibres 
are brought into action in the body when more ventral horn cells discharge. 
It is very important also to ajipreciate that the responsiveness of the muscle 
is modified by many local conditions, and that both experimentally and 
naturally the same train of nerve impulses may lead to wide variations in 
resulting tension. Thus the mechanical res|)onse of a muscle to a maximal 
stimulus supplied to a motor nerve is greater with greater initial length of 
muscle fibre (within certain limits), or higher temperature ; it is also affected 
by the freshiuiss of the preparation and the adequacy of tin* blood and oxygen 
supplies (it is diminished by fatigu(‘, or asphyxia). The response to stimulation 
at liigh rates, tliC! tetanus, as already emphasized, has /owr or five times the 
tension of the twitch. It will be explained later that the muscle nvsponse is 
greatly modified by drugs such as curare (f). old) or eserine (cf. p. 515). 

Effects of Section of Motor Nerve. Lower Motor Neurone Lesion.^— 
Injury or destruction of the vtmtral horn cells (or tln^ c(»lls in the motor cranial 
nuclei) or of the motor fibres sujijilying the muscles product's a characteristic 
seri(\s of changes. 

(1) Results of Section of a Motok Nekve. —(i) The nerve fibres distal 
to the ])oint of section undergo degeru'ration (p. 496) ; this applies to both 
the efferent fibres (and ultimately to the motor eml phit(\s, infra) and to the 
afferent fibres (and the muscle senst'-organs from which they aris('). 

(ii) The ventral horn cells (and to a minor extt*nt the etdls of the dorsal 
root ganglia) undergo chromatolysis. 

(iii) The muscle fibres which have been dejirived of their efferent m^rve 
supjdy become completely ])aralysed ; all reflexc's including reflex tone are 
abolished and so the muscles are flaccid. 

(iv) After three months the motor end ])lates become distorted or dis¬ 
appear. The denervated musch? fibres progressively shrink, presumably 
from disuse, for a period up to three years. Later, if re-innervation has not 
taken place, “ disru})tivc ” changes occur. The muscle fibres split longitudin¬ 
ally into individual fibrils and also fragment transversely ; later they are 
converted into tubes filled with deeply staining nuclei and granular material 

^ Weddell et al.. Brain, 1944, 67, 178. Bowden and Gutmann, ibid., 273. Ritchie, 
ibid., 314. 
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land tiriaily disappear. Within the first three years re-innervation of the 
muscle may restore it to a varyitig extent .structurally to normal; after 
^three years useful recov(‘ry is improhahh*. 

(v) Varying degrees of functional recovery may (xuair, depending on the 
.success with which n'generation of the motor filnes take, place. Tin^ new 
outgrowths tak<‘ place from the central cut (‘iids of th(‘ mnve lil)n\s. Tin* 
difficulties in the way of satisfactory r(*-inin*rvation of tin* niu.sch‘s arc* of the* 
same kind as those de.scrih(*d for regeneration of sc'iisory nerves (p. .oofi). 

;,(vi) FihrillnUon luiteafiftls (p. 503) (Fig. 30;j, A, H) are found in muscles 
3 W(‘eks or more after motor nerve injury. They are due to a discharge. 

* arising at the end i>lates. It is known that dein*rvate(l motor end plates 
are abnormally sensitive* to tlie action of acetylcholim*. Tin* denerva.ted end 
plates are thought to be responding to acetylcholine eitln*T' formed in some 
unexplained way locally or l)rought to them in the blood in concc'ntrations 

which normally would be 
ineffective. Fibrillation dis- 
appears when the end plates 
di.sappear or the muscle- 
fibres become irresponsive. 

The amount of fibrillation 
activity and the frequency 
of discharge are greatly 
incn^as(*d i)y drugs like pros- 
tigmine, which potentiates 
the action of acetylcholine 
(Fig. 303, C); j)ro.stigmine 
may induce fibrillation 
which was not det(‘ctabl(* 
])rcviously. 

(vii) Vhamjes in Strength- 
D n r a t i o n C u r v c. T h <* 

method us(*d in man is as 
follows : (i) a small .stimu¬ 
lating <*h‘ctro(h* is [daced 
over tin* ‘‘ motor jioint,” 
i.e. the point on the skin wliich is neare.st to where the motor nerve enters the 
muscle ; (li) anotlicu* large (or “ indifierent ”) eh*ctrode is apj)lied to the skin of 
some di.stant regiem. Square pulses of current of duration O-Ol, 0*1, 1*0, JO 
and 100 milliseconds are apf>lied through the ehartrode.s ; the minimal voltage 
needed to produce muscular contraction is noted and the re.sults plotted as 
in Fig. 304. They constitute a .strength duration curve for tln^ most excitable 
fibres in the motor nerve. The techni(|ue is v(*ry crude compared with that 
emplovcd ex peri men tally when the expo.sed nerve fibres an^ directly stimu¬ 
lated (p. 493 and Fig. ‘294). 

Following a nerve injury, the affected nerve fibr(*.s hecome.s inexcitable 
after a few days. If only the nio.st excitable fibre.s are injured, the .strength- 
duration curve subsecjuently obtained re])resents the. r(\spon8e of the intact 
less excitable fibres. If the entire motor nerve is severed and all its fibres 
degenerate, the dem^rvated muscle will respond ultimately only to adequate 
direct stimulation of its constituent fibres. As the chronaxic of muscle fibres 



Fia. 304.— Kffcot of Section of Motor Nerve on 
StniiigUi-Dunition (’nrve of fluman Mu?<e!e. 
(Kitcliie, Bruin, 1044, 67, 319.) 

Ordluutf ; of stiimilus in volts, 

Absrissa : duration f)f ciirn nt How in iniilisvconds. Thv 
ranqt' of ri'S|)oii'i<s in normal mnsfl«*s and in d«-ii«Tvat<*d 
imi.scli’.'s id sh«‘\vn. 
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is much lougcr than that of nerve fibres, the strength-duration curve i« 
correspondingly altf'red. Fig. 304 shows that stronger stimuli or curnmts t)f 
longer duration must be employed to elicit a muscular contraction. Should 
the motor nerve*, fibres regenerate later, the curve gradually returns to tin* 
normal [)attern (Fig. 305). When the denervated muscle fibres degenerate 
com])l(*t(‘ly no res|)onse is obtained to ele(jtrical stimulation of any duration 
or (tolerated) intensity.^ 

(2) If the ventral horn celis are destroyed, no regeneration, and therefonj, no 
recov(u*y can occur. The functional loss is purely ynotor (and not sensory, too). 



Via. 305..Effect on Strengtli-Dural ion Curve of IJunian 

iSIuwcle or8e<rlion of Motor Nerve followed hy Kesuturirjg 
and Kegeneration of Motor Nerve Kibres. (Hilohie, 
Brain t 1944, 67’, 322.) 

Oiflin.-iti*: StrciigUi off^timuliw in volts. 

A Ij.scisfjJi.: nuralioii ot ciirront tlow in iiiilliseconds. 


FLF(^TKICAL AND CHhhMICAL TRANSMLSSION OF THE NERVE 

IMPULSE 

When a nervous impulse, travelling in an efferent peripheral nerve reaches 
tin*, terminals of its fibre, it produces a characteristic response in the effector 
tissue, c.q. contraction of skeletal muscle, increased or decreased activity of 
SflTbTyfli or cardiac muscle, secretion of glands or discharge of autonomic 
ganglion cells. The, qut’.stion arises: what is happening at the “junctional 
tissue ” between the nerve terminals and the effector tissue, e.g. at the motor 
end plate, the syiiaps(*s in autonomic ganglia or the autonomicj postgangHbiiio 
endings in smootlMririscle and glands. 

1 Ttmetion of Degeneration. —The' motor point is stimulnted with (i) a galvanic current 
of fairly long duration, (ii) an interrupted fnradic current of much shorter duration. 
Normally innervated muscle responds to either form of stimulation. When the motor 
nerve fibres have <ro!nplet(*ly degenerated, the denervated {i)iit intact) miLscle fibres owing 
to their longer chronaxio do not respond to the faradic stimulus (as the duration of the 
currchi flow is too short); but the longer current flow of the galvanic stimulu.s is still 
effociivo if it is of sufliciciit strength. The loss of response to faradic stimulation with 
persistence of response to galvanic stimulation is called the reaction of dcgeiicratiou. 
When the muscle fibres degi'iieratc too, all electrical responses are abolished. 
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Two luain views have been put forward : 

(1) The transmission process at nerve ends (like that responsible for 
conduction in the nerve libre) is essentially electrical. WIkui the s[)ike 
potential reaches the nerve ends it directly sets uj) a localized vatclcctrolonm ; 
when the latter reaches a critical magnitude it depolarizes the surface mem¬ 
brane of the adjacent tissue and thus stimulates it. 

Such a catelectrotonus has been demonstrated at the motor end plate 
(end plate •potential) and at the synapses in autonomic ganglia (synaptic 
potential). A state of catelectrotonus may be associated with excitatory 
transmission at synapses in the central nervous system. The nature of the 
electrical change at autonomic postganglionic terminals is obscure. 

(2) The alternative view is that a chemical intermediary or chemical 
transmitter intervenes between the spike potential (nerve impulse) and the 
processes which stimulate the effector tissue. Chemical transmitters have 
been demonstrated : (i) at the terminals of all postganglionic fibres (sym¬ 
pathetic and parasympathetic); (ii) probably at the terminals of the vaso¬ 
dilator fibres in the dorsal nerve roots ; (iii) intervening between the spike 
potential and the end plate potential at motor end plates ; (iv) probably 
intervening between the spike potential and the synaptic potential in auto¬ 
nomic ganglia, (v) It has been argued that if chemical transmission occurs 
at the synapses in autonomic ganglia similar processes may Ix^ involved in 
transmission at the synapses in the central nervous system (p. 528). 

Nature of Transmitters.—Two chemical transmitters have, been 
identified : (i) acetylcholine ; (ii) a substance which resembles adrenaline 
closely both chemically and in its pharmacological y)r()p(‘rties ; the cautious 
call this transmitter sympathin ’’ or “ adrenaline-like.’’ There is evidence 
that it may be a mixture of adrenaline and nor-adrenaline (adrenaline minus 
its terminal methyl group) in varying proportions (p. 722). In this account, 
this transmitter will for simplicity be called adrenaline. 

Cholinergic and Adrenergic Fibres. —Fibres which rel(‘ase acetyl¬ 
choline at their terminals are called cholinergic (i.e. acting through the 
mediation of acetylcholine) ; fibres which release adrenaline at their terminals 
are called adrenergic.^ In the peripheral nervous system, the only known 
adrenergic fibres are the postganglionic fibres of the symj)athetic nervous 
system. The cholinergic fibres are of much wider distribution : they include 
the postganglionic fibres of the parasympathetic system; all the pre¬ 
ganglionic fibres of the sympathetic and parasympathetic, systems, i.e. those 
ending in autonomic ganglia ; the motor fibres to skeletal muscle ; probably 
the antidromic vasodilator fibres in the dorsal nerve roots supplying skeletal 
muscle. In addition tliere are some postganglionic fibres wliich though they 
belong to the anatomical sympathetic system, are cliolinergic, e.g. the sym¬ 
pathetic supply to the sweat glands. 

Formation, Release and Destruction of Transmitters.^— Acetyl¬ 
choline. —All cholinergic nerves contain tlie enzymes necessary for the syn¬ 
thesis of acetylcholine ^; acetylcholine can be extracted from these nerves. 

1 Tlistarninergic fibres have also been recognized which release histamine' at their 
terminals. They are found in the cutaneous branches of the dorsal nerve roots (p. 309). 

* Bum, Physiol. Rev., 1950, 30, 177. (Discussion of local action of acetylcholine, 
adrenaline and histamine.) 

* The enzyme is called choline acetylaae. 
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It is thought that acetyJcholiiu? is synthesized within each cholinergic 
neurone, probably mainly in the cell body ; it is certainly diflPused throughout 
the lengtli of the axon. The arrival of the impulse at the peripheral nerve 
terminal alters the local permeability and so enables a small amount of 
acetylcholine to leak out, i.e. to be released from the fibre, and come into 
contact with the effector tissue. At cholinergic nerve terminals a s])ecific 
enzyme, choUnesterase,^ is found in high concentration; it hydrolyzes acetyl¬ 
choline to choline, whicli is comparatively inactive, and acetic acid. In this 
way the conc.(mtration of acetylcholine is rapidly reduced below threshold 
level thus preventing coTitinued excitation. The chemical constitution of 
ac(*tyh*holin(* and related substarices is shown below (cf. p. 8()7) ; 


H 

H 

H 


^ OH 
^N—H 


AMMONIUM HYDROXIDE 


CH3 


OH 


\l 

CH3—N—CH2 CH2OH 
CH3^ 


CHOLINE 

( TRIMETHYL-HYDROXY ETHYL 
-AMMONIUM HYDROXIDE) 


CH3 OH 

CH3—N —CH2CH2 0 OC CH3 ACETYLCHOLINE 
CH3^ 


Antkutolinkstkrasics.- —Three (piite distinct classes of cliemical sub¬ 
stance have a powerful inhibitory effect on choliruisterase. 

(i) Compounds containing a uretham*- side chain, like eserinc and prostig- 
mine. The urethane can be represented as -0-0C-'N(Ri, Rg) (where R|, 
or Ro or both, are alkyl or j)henyl groups, attached to a nitrogen grouping); 
th(‘. rest of t he molecular conliguration may vary considerably. In formula 
A, (f)rostigmine) the urethane grouping has been underlined. If the urethane 


.^\ 0.C0.N(CH3), 

N(CH,),.S04CH, 

Prostigmine 

A 


N(CH,),S04CH, 

w-hydroxyphenyl trimethyJ 
ammonium methyl sulphate 


grouping is replaced by an OH grouping (underlined) as in Formula B, the 
anticholinesterase activity disa])pears. 

These anticholinesterases act by the method of substrate competition. The 
hydrolysis of acetylcholine by cholinesterase depends on a preliminary union 
of the two substances; the anticholinesterases also unite with cholinesterase 
and to that extent prevent the latter from um'ting with, and acting on, acetyl¬ 
choline. 

‘ Whittaker, Physiol. Her., 1951, .’11:2. 

■ Koelle and Gilman, Pharrmcol. Rev.^ 1949, 2, 166. 
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This group of anticholinesterases can be further subdivided into tertiary 
and qiialernary conipounds. Expressed most simply, the tertiary compounds 
are hydrocldorides or sulphates ; the quaternary com|ioiinds are methiodides 
or methyl sulphates. The former are salts of tertiary ammonium bases; 
the latter have their basic nitrogen atom in the form of quaternary ammon¬ 
ium groups. Eserine sulphate is a typical tertiary compound ; prosiiyinwc 
(which is a methyl sulphate) is a typical quaternary coni|>ound. 

The graphic formula3 set out below for two anticholinesterases, dimethyl 
earbamic hordenine HCl (tertiary) and dimethyl carbamic hordenine iiietliyl 
iodide (quaternary), show these differences well. 


Typical Tertiary Compound: 
Dimctbyl carbamic ester of 
bordenine hydrochloride 
O.OC.N(CH,), 


Typical Quaternary Compound : 
Dimetbyl carbamic ester of 
liordeniiio methyl iodide 
0.0C.N(CH3)2 






I 

CHs.OHa.N.CCHj)*.! 


(ii) l)i-isopropyltluoroj)hosplionates (DFP) atid related substaDces. 

(iii) Simple polyjjhosphates : tetra-ethyl pyrophospliatt* and lie.va-ethyl 
tetraphos])hate (Fig. 311 A, B). 

AoRENALiMi. —Extracts of adrenergic fibres contain adrenalim' (and 
nor-adrenaline). The adrenergic neurones (like the adrenal gland cells) pre¬ 
sumably synthe8iy>e adrenaline which is released at the postganglionic nervt' 
tcnninals. It is thought that an enzyme called amine oxidase, rapidly destroys 
adrenaline and so prevents its undue persistence at the endings. It is claimed 
that the drug ephedrine inhibits the action of amine oxidase and thus prevents 
the adrenaline from being destroyed. 

The pharmacological actions of acetylcholine are described on p. 718, 
and those of adrenaline on p. 724. 


NEUROMUSCULAR TRANSMISSION ' 

The motor fibre nerve, on reaching the muscle fibre, Joses its medullary 
sheath ; the naked axis cylinder ramifies in a patch of granular nucleated 
muscle cytoplasm, called the inuscle sole (Fig. 3(J()). TJie Jieuroinuscular 
junctional region, is the motor endplaie. The nerve filaments and the muscle 
tissue make extensive contact with one another but th(*re is no conlinuity of 
tissue ; the specialized axon membrane separates the two tissmis. When the 
nerve impulse (signalled by the spike) reaches the end plate it nd<iases a 

* Dale, Feld berg and Vogt, J. Physiol., 1036, 86, 3.53: Brown, ihid., 1037, 89, 220. 
Kccles et al., J. NevrophysioL, 1041, 4, 362, 402 ; 1040, J2, oO. KiiffbT, ibid., 1042, *5, 18^ 
300; 1043,6', 00. Naehraansohn, in The, IJormone,s (cd. Hneus and Tbiiiiaiin) K.Y., JOoO, 2. 
Hunt and Kufller, Pharmacol. Pev., 1950, 2, 06. Feld berg, Brit. med. J., 1051, i, 067. 
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minute dose of a chevvmd tmnmniler, iianiely which eithei 

directly, or, nion* f)rol)Mi)ly, indin'ctly throii<;li some further intermediary, 
“depolarizes'' the end plate producing a localized ntm-pro paffalcd, elect rotonii 
potential known as the end plate potential. When the end plate potential 



Fio. 3(K).—Motor Knd Plate. (Kiiffler, J, 
yeurop/tt/sloLt 11*42, J, 11*7.) 

Phototirafili <»f liviim .sin«l<* Dcrvi* lll>n‘s (S) riulinu 
ill a motor rml plate (K.P.) on a siiiL'i*' skrh'tal 
museh.' Ilhiv (tro*4). rpprr liKuro Ks at stiiuIKt 
mauuiilcatioii tiiuii lower liguro. 

attains a C(‘rtain critical inajiiiitiide, it depolarizt's ‘ t he surface membrane 
of the muscle 1ibn‘ setting up a pri>pa(jated muscle action potential. The 
sequence of events is shown in the Tabh* below. 

Muscle Fibre Stimulated through its 
Motor i\erre 

N<Tve Pi tire impulse (spike potential). 

Impiiiso readies end plate 

4 

Kelcase ol acetyldioliiie 

I 

(?) Other consecjneiitial rhangos l)eveio])ment ol 

I mnsele tension 

Local end plate potential (contraction) 

Propagated muscle spike potential '>Complicnted, 
ill-nndcrstood changes 

The appearanoe of tlic iiuisele spike i»ot.enl.ial just })recedes the develoj)- 
nieut of niecliaiiical tension (Fig. .‘KXI). The causal relationship, if any, 
between these two e.vents is not understood. Current views on the way in 
wliicli muscular tension develops are discussed on p. 427 but they take no 
account of the muscle spike potential o.xcept in so far as it normally heralds 
the onset of physico-chemical changes in the muscle fibre. Certain types of 
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contracition are kiiowu wliicli are not accompanied by an action potential ; 
they are refern^d to as cnntmcttn'cs. 

End Plate Potential. ~ The most instructive prepaiiilion for the study 
of the (*ml plate potential is out; consisting of a sitiglc motor nerve libre and a 

single muscle fibre (Fig- 300); the proximal 
recording electrodt' is ])lact*d on the end 
plate and the distal eh'ctrode on a j)oint 
furth<‘r away on the muse.le fibre. 

(1) The preparation is treated with curare 
ill a concentration which abolishes the 
propagated muscle, potential, but not the 
end plate potential. I’ndtn* these conditions 
(Fig. 307, c) stimulation of the motor m'rve 
fibre produces a slowly rising and more 
slowly declining negativity at the end 
])late; the delii^ction is noynoghasic, in¬ 
dicating that the disturbance is localized 
and not jirojaigated ; it is the end |)latc 
potential (in a reduced form) which has 
not been followed by a [propagated mus(‘le 
fibre potential. The [)Otential is maximal 
at the end plate and rajiidly diminishes in 
magnitude (deerennuits) with passag<* of 
time and wdth distance from tin* end j)lat.e 
(it disa]ipears a few mm. away). 

With progressivtdy weaker con(*entrat.ions 
of curare, tin* response is modified as 
follows : 

(i) A sharp sjtike aristjs from the plateau 
of the end plate jpoteutial ; this represents 
the initial deflection of a propagated 
muscle potential as [proved by the fact 
Fkj. :t07.- E fleet of Fnpgres- that it is followtal )>v a final downward 



sive Cunirizatidii un Knd 
Plate Potential. (Kuflier, 
./. iXeurophyaioL, J, 

23.) 

Kxj»frim<;nt on siiiKle nnrvi-musch* 
fihre pn‘]mrution (as in Fiji. 
300). Proximal fl<M.*tro(l(' on rrul 
platft; dUtul electrode on 
imniclc fibre. 

At signal (short vcrticsil IjikO stirn- 


(hiflection. The initial spike and the final 
deflection tog(‘ther constitute the dijphasic 
muscle fibre action potential (Fig. 307, d). 

(ii) With still less curan* the end [plate 
[potential rises more rapidlg to a greater 
height and is followed after a [progress!v<*ly 
shorter interval by tin* tyjpieal ]pro[)a,gated 


uiatfi motor nerve tihp muscle potential (Fig. 307, c, b). 

e: hiid plate deeply ciiTurizcd. Liid ^ ' i • i 

plate potential only. A'o pro)* (2) Itic response of all Untreated singk 

d,c,b’: Progreasively milder ciirar- end plate call TIOW be studied. Ill tig. 

ization. 3()H tlie Tproxinuil (‘li^ctrode w’as aipiplied 

a: >10 curare (cf. Fig. 3(PH, a,«). . • i- ^ /• i i . 

at varying distances fr(pm the end plate ; 
the distance in a was very small, 80 g in b and 230 g. in c. The initial up¬ 
ward deflection in (*acli case is the end plate [potential ; because of typical 
decrement with distance it is smaller and more slowly rising in c and h 
than in a. The end plate potential is followed in each instance by a propagated 
(diphasic) spike potential. In Fig. 308, e, the proximal electrode was applied 
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exactly on the end plate ; this enables the true course of tlu^ normal end plate, 
potential to be followed. It is seen that the end plate j)otential rises rapidly 
to tlie full height of the spike of the ])ropagated iiinsclc action f)oteiitial which 
it generates and then m(‘rg(\s with it; the fact that a propjigated spike has 
been produ(;ed is ])r()V(‘d Ijv the succeeding descending deflection. 

(3) Summation ok Enj) Platk 1V)TENtial. Ihider (h‘ef) curarization (as 
already mentioned) the end })late pot(mtial is reduct'd ami is not folh)wed by 
a propagattal potential. If a st'.comJ 
impulse arrives at tln^ tmd jilate btdore 
th«‘ }»revious eml })latt' pi)tt‘ntial Inis 
died away, a second potential is super- 
im]K)S(‘d on the first (Fig. 30U). The 
second potential is always l)iggt‘r than 
the first when mtaisured from its point 
r)f origin, i.e. tin* prcsenct* of the lir.st 
end plate p(»tential facilitates the de¬ 
velopment of a subserjuent. potential. If 
the two or more ru'rve stimuli arc 
suitably s]>aced, the end plate j)otcntial 
is progressively built up, i.e.itumh'rgoi's 
summation, till it beemnes big enough 
to jiroduce a proi>agated disturbance, 
andtheniu.scle resjainds. The j)rop(‘rties 
of the curarized end ]>late, especially 
the j)henonn*ua of facilit ation and sum- 
Illation which it displays, are of great 
intere.st l.)(^caus(^ they ri'semble in several 
respects the propertii^s of synapses in 
ganglia and in the central nervous 
system (cf. ]». [)2 \ ; p. 533). 

The role, of acetylcholine in the 
production of the. end ]»late potential 
is <l(*scTibed below. 

Acetylcholine as Chemical i,,,.. :u)s. -iK.nmetu nf Knd TMate 
Transmitter at the Motor End Potcutiijl with distance fWan 

Plate. -The principal experimental Knd Plate. iKuttler, J. .\furo- 

.■ vidence. is as foliow.s ; 

/1V A , , 'I'lic prepMrat ion was nof cuniri/cil. 

( 1 ) ivELEASE OF' AcETV l.I^HOUINE IN I’ositkm of pruximul rlfctrodr i.s as followi. ; 

Indirectly Stimulated Musi’le.— «^ .sUghtiy away from end riau- (of Kig. 307,«). 

1 • 1 1- I • • so/< distnnia* tioiu end plate. 

I he cats tongue or hind limb is J)er- r: 230//dlstanor from Piid plate. 

fused with fluid containing e.S(^riiie (to Rl!ll!‘was pia.v.i r„rti.c r .'.w.,}- 

inhibit the action of choliriestera8<‘ and uu« mnseie iii»re. 

thus prevent the destruction of any 

acetylcholine that may be released (of. ]). oUii)). Stimulation of the liypo- 
gloasal nerve or the motor nerves to tlie leg, leads to the appearanc(‘ of 
ae.etylcholine which can la* demonstrated in the outflow fluid by a.i>|>ropriate 
t(*.sts (p. 7III). 

(2) Auetyluholine eRODi’C’Es Pkopaoatkd .Musulk .Action Pote.ntials 
AND Muscular Contrac^tion.—I t is necessary to demonstrate that the released 
acetylcholine is causally related to muscular excitation and contraction. 

17 
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(i) If acetylcholine in minute doses is injected into the blood vessels 
supplying a muscle (so-called close arterial injection) to obtain rapid access 
to the muscle fibres, it elicits a brief contraction of normal mammalian muscle 
in situ and with intact circulation. As small a dose of acetylcholine as 5 //g. 
(—() (X)5 mg.) may set up a contraction of higher tension tlian that r<^suUing 
from maximal stimulation of the motor m^rve with a single (‘lectrical shock. 
The muscular response to injected acetylcholine is not a sim|)le twitc^h 
accompanied by a single s])ike potential; it is a brief trUinus^ tin* contract ion 
being accompanied by asynchronous repetitive action ]K)tentials arising in 
many motor units which have been stimulated to short bursts of acjtivity, 
but which are out of phase witli one another. 

(ii) When a minute dose of acetylcholine is applied directly to the end 



s, St 

. 2SmSec 


Ktc. .‘JOU.—Summation of Knrl 

Potentials in Curarizccl NcrvC'Miis('I(' 
i'reparation. (Krcles, Katz, arul 
Kuffler, J, SeurophysioL, J94I, •/, 

:i77.) 

Small ilowtistrokf. : application ol stimulus (Sj 
or Sj) to the motor ncrvir. 

Not(? the summation of eiul plate potfuitial. 

plate region, it sets up a small end ])late potential which rises and declimvs 
slowly but rtmiains localized ; higher concentrations set u}) a bigger and 
more rajadly rising end j)late [lotential which on attaining threshold value 
sets up a propagated muscle prttential (Fig. .*110). Still high(?r concentrations 
produce repetitive respons(\s from the mustdt;, the frequency of which goes up 
with increasing concentrations of acetylcholine. Acetylclioliiu*., applied else¬ 
where along the course* of the muscle fibre, j)roduces no jiotemtial changes. 

The muscle action potentials set up by injected or aj)[>lied acetylcholine 
are identical in character with those occurring in tin* muscle on stimulation 
of the motor nerve. 

(3) Role of Choltnestekasr. This enzyme, which rapidly destroys 
acetylcholine, is found in high concentration in the motor end plate region 
(but in much smaller amounts elsewhere along the course of the muscle 
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fibre). Its presence at this site 
ensures that the acetylcholine normally 
released in resj)onse to each nerve 
ini])ulse only gives rise to a mnglr 
response of the muscle fibres and do(\s 
not persist long enough or in sulhcient 
(umcentration to produce the re])etitive 
(subtetanic) n'sponses seen wiien 
acetylcholiiKi is injected intra¬ 
arterially. 

(4) Effects of Anticholinte- 
STEUASES. Anticholinesterases inhibit 
the action of cholinesterase and thus 
preserve acetylcholine which has been 
released naturally or has been inject(‘d 
into the circulation (cf. ]>. 509). 

Following the injection of one of these, 
drugs, the response of skeletal musch* 
to maximal single shocks applied to the 
motor nerve is considerably enhanced 
(or potentiated) and prolonged (Fig. 
311a). Electrical investigation shows 
that under these conditions each nerve 
volley reaching the muscle fibres pro- 
ducesnot asimple twitch, butarepe^«t?V 
response, i.c. a short tetanus which of 
course })roduces a greater tension than 
the twitch; thus Fig. 311b shows 
sustained electrical activity following 
a single nerve stimulus. The anti- 



Kio. .'{10. KfTi'cts of applying Arotyl- 
cholino (liroctly to Motor End Plate* 
of Single Nerve Fibre-Muscle Fibre 
Pre]>apa.tion. (Kufflcr, J. Neuro- 
physiol,^ I94;{, 6‘, 102.) 

J*roxiinal eloctrodft is at point of apiiiication of 
solution. 

A. (a) Acetylcholine in concentration of 10‘® 
applied to end plate s('ts up lour i)ropauateU 
(diphasic) musede potentials. 

(b) Weaker acjetylelioline concentration pro¬ 
duces small lo(;iilizcd negative (inonophasic) 
end ])late jjotentials only. 

II. (c) Acetylcholine in concentration of 10-‘ 
jiroduee-s loctilized (Luouophasic) end plate 
potential only. 

(b) Application of saline : no effect. 

(rt) Acetylcholine in stronger concentration than 
J ()-«>" produces a single (dipliasic) propagated 
muscle fibre potential followed by a localized 
(inonopha.sic) ind plate i)Otential. 


cholinesterase j)reserves the ac-etylclioline naturally released at the motor 


end plate for long enough above! thresliold coiieeiitratioii to enable it to 


produce repetitive resjiorises analogous to those illustrated by Fig. 310. 



I min. sec. 


Fig. 31 J a. Etfcet of Anticholinostcrasr cm Mc'chunical and Elcctrii al Hcspim.sc 
oi‘ Nervf-Musclo Prej>aratioii. (Cbtmudl.s, Floyd and Wright, J. Physiol.. 
1949. lOS, 370) (cf. Fig. 31 In). 

A. Cat. Chloratosc. Isometric^ myogram of qiiadrici’ps muscle in response to maximal stimulatim 
of motor nerve at rate of one in 2 sec. 

A. Control. 

9, C. After injection of anticholinesterase (tetraethyl pyroj>hospliate). The muscle re.spou.se 
is enhanced (potentiated) and more prolonged (it is now a sliort fs<araUj;,uot a twitch.) 

S. Record on alow drum (time scale, in minutca). 

F. Record on fast drum (time scale .in seconds). 
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(5) Response of Deneevated Muscle. —When the motor nerve is cut 
and time alloAved for it to de,u;en<'riite comjiletely, direi^t stimulation of the 
muscle (dicits a resiionse wliieh is pof accompiini(‘d by a release of acetyl¬ 


choline provino- that the trnnsmilter 
the motor end [date. Siicli dener' 



Fig. 31114.— Action Potentials of Quad¬ 
riceps .Muscle of the llecordin;! 

Electrodes is on the llelly <»!' the 
Muscle, the other is on the 'l'end<ui, 
i.c. Belly-'^fendon l..e!ids) in Response 
to Motf)r Xerve Stiinulutioii at 
Kale of one in 10 see. 

Urcoitls in eicli ('olwiim to Ik' rraiJ fVfun l••ft to 
rivrlit JiMil liMiii nliovc tiwnnls. 

toliimn I’J-fiO. rontml. A siiii|>lr dijtiiasir 

varijition dfvflojts in to *aih 

stiiiiiiluh. 

Atitit.iior»n«.;st.<Tasc (li\ 1 iMraiiliof-jiJifitf) 
tlien inj«*ct.fd. .NnO- at M:? and ri-;.:'. ihai ;i 
sinjtlir stiiiinhi'i a|»iili»-d to ifit- nerv** jirotluci s 
a diidiasi<- variation wJiii.-li is lollwwj-d iiy 
repet it i re njtef-urt Intfi. 

At ■>'>'.> and Ottti tliis afi«T-t.fI<*rt is wr.v pro- 
Jon(4» d (cf. J yj I A). 

fibre, Bernarti rightly coriclnded th 


IS released only at the nerve endings in 

ritod muscle is, Jiowevtu-, much more 
stmsitive to the eitects of wjected 
acetylcholiiK;. This is an example of 
the more gtmeral jihenomenon that 
denervated strncturos ant more 
.susce])til)l(? t<> tlie. action of their 
natural traiismittt*rs. Thus the normal 
pii[>il does not dilate when adremilinc is 
introdu(.*ed into the eoiijunctival sac; 
a good response is, however, olitained 
if the superior trervical ganglion is 
previously extir[>ated and tin* post- 
ganglionic fibres to the jmpil are allowed 
to degenerate (ef. pp. 721, 729). 

(6) Release of Acetvlcholine. 
- It has been suggested that the nerve 
impulse may release acetylcholine from 
a prt'cursor at tint end plate; but 
there is no evidence to siiiiport this 
view. As explained on [>. 508, cholin¬ 
ergic neurones (;an synthesize acetyl¬ 
choline, which is dilTused throughout 
the length of the fibre. When the 
impulse arrives at the nerve ending, 
it increases the permeability of the 
nerve fibre meirdirane locally, thus 
enabling some ac(;tylcholine to h^ak 
out from the nerve terminals into 
the muscle sole.’’ 

(7) Action ok Curare.— Ithas been 
known since tlie experiments of Claude 
Jfernard that curare juogn^ssividy 
diminishes and finally abolishes the 
res[)onse of a inus(;le to iiidireet stimu¬ 
lation (/.c. to stimulatioii of the motor 
nerve) (Fig. 312). At this stage, 
howe.vxr, dirrei stimulation of tlie mus(d(* 
still produces a muscular (•ontract.ion. 
As curare has no (dlec.t on tlie nerve 

it euran? acti'd at the neuromuscular 


junction, v'.c. in the region of the nioU»r end plate. After administration of 
paralysing <los(;s of curai’c, nerve stimulation still results in a normal rehais(; 
of acetyhdiolinc^ ; thus curare does not interfen* with the releasi^ of tin* trans¬ 
mitter but prevents the released aci^tylcholine Ironi producing a contraction. 
Similarly after curare, intra-arterially injected doses of acetylcholine which 
were previously effective, fail to cause a contraction (cf. p. 720). 
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Art inn n< (’ur;ir‘r nii I Jrsjiniisc ni‘ Xrrvc-.M iisrlt* l'rv]Kii alinn. Ant i-( iirarc 
Arti()M ni A nt iclinlinc-.st rrasr. (<'lirniirlls, I'lnxiiaixl WiiLrlil, ,/. J*//,, 

I OS, :{S-4.) 

IsoiM.-ti’ic. iiiy<WJUn (»r G-ni). rfMiif»ral n/Tvi* iii.iximnllv ni ml*- nf oiii-. in i! s.w 

Al A, It. rurjirr prcparatinn ; rontrai-lion ln i«ht. iliiniiii-rn'il. 

At hijcrt aiit.i<-ht.iliiicsl*ias«'; .-ry t.f inutracl inn iii-iirlif. 

The experiments illustrated hy Ki^r. :i07 demniistrate that furare iiit(‘r- 
feres with the formation of the end plate jioteiitial hy the rt^leasetl aeetyl- 
eholiiK*. As the end plate potential 
formed is too smalt to S(‘t up a 
propaj^ated action yiotential no 
mii.seiilar eojitraetion r(‘sults. 

(8) Anti-ctkakw Dkuos. .(i) The 

‘‘ hlfK^kiiiij" a.(!tioii of curare at the 
end ]>late retrion can h(^ ovenjurne by 
ad minist<‘rine an (mf i r hoi io esterase 
(Fi»^^ 312). The acetylcholine normally 
released is then pnvserved with 
r(^slllti^J^ repetitive stimulation of 
the mid plate. Th<*re is eonseijuently 
pn.i<j:nfssive summation of the initially 
sub-threshold end plate potential 
(as in Fi»^c till it attains a 

sutficieiil ina^mitude to set up a pro- 
pa.eattul musch' tibre ]>otential and a 
e« Ultra,etioii. 

(ii) Ihitassium salts (Fie. 511) and 
adrenaline, ephedrim* and rela-ted 
substances (Fill. 3.17) also <‘\ert an 
anti-curare action. 

(9) Action of HoTri;i\i;s Toxin. 

The toxin of tln^ liotulinus liae-illus 
jKiralyses the muscle by a peripheral 
action. In sonu* unknown way, tb»‘ 
toxin previmts the ndease of acetyl 
clioline at the mid plate. 

Myasthenia Gravis. ^—Myasthenia 
gravis is a rare disease, characterized 
by great muscular weakness and rapid 
onset of fatigue, but witliout any recognizable changes in the nervous system or 
in tlie muscles thmnselv(‘s. The muscles first and most aifected an; the external 
ocular, the facial, and those (‘onceriietl with mastication and swallowing. 

^ Viets and Schwab, Ame-r. med. Assm’., 1989, /YiS, 5i»9. Walker, Lancet, 1934, i, 

1200, 
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Kig. . 313 . - FilT€M't of .Anticholin- 
I'slrrase (Pnifitiyinine) oil .Muscle 
Pfiwi'i’ in (’asc of .Myaslhcnia 
(Jravis. illurxcn, Keeie, and 

Mt Alpihc. /jiHt'if, 194S, i, .“)I9.) 

At arrow iap et 1 *3 c. of prxsliuinino. 

I'f»fn'r /rntnl: iiiaxiriiiil tliiralion of rontrno- 
tii.Mi of lausrli's of hand and forriinii. 
huirr rt'conf: .Ma.xiinnI iiowcr of coatrartioii 
ol' tlifst* imisc'h's. 
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The muscular disability is probably due to some disturbance of the 
normal mechanism of transmission of the impulse at tlie end plate to the muscle 
fibres. Among the bi(?tors that have been examined are : (i) insuflicient 
release of acetylcholine; (ii) abnormally rapid destruction of acetylcholine 
dm*, perhaps to exet*ssive local cholim\sterase activity ; (iii) ])r(^sence of an 
almormal curare-like substance hampering access to the muscle filmis of 
normally released acetylcholine. The <*vid(*nce indicates that (iii) may be a 
causal factor.^ In j)atients a sulistance is ])rest‘nt in tin* Idood leaving tin* 
muscles (especially active muscles) which d(‘presses the response of an 
isolated nerve-muscle pre])aratiou to motor nerve stimulation. The following 
experiment shows that similar depression occurs in the patient: the arm 
muscles are exercised for about 4 minutes with their circulation completely 
occluded (by rn(*ans of cuffs on the upper arms inflated to 2()0 mm. Hg). 
When the oc.clusion is released, musclea elsewhere in the. patient show increased 



A B 

Kio. 314.—Anti-curare Action of Potassium Salts. (Wilson and 
Wright, Quart. J. exp. Physiol., 1936, 26.) 
isometric records of response of gastrocnemius (cat) to motor nerve stimulation 
(at intervals of 10 seconds) and blood pressure. 

A. Normal muscle re.sponse. At arrow inject 30 mg. of KCl (as 3% solution) 

intra-arterially. A slight contracture develops. 

B. Between A and B Inject curare to njducc the response to nerve stimulation 

substantially. -4t each arrow Inject again 30 ing. of KCl (3% solution). 
Note in each case the immediate increase in the muscle response, w'hieti 
sub.sequcntly declines. 


weakness after a latent period of 10 seconds to 4 minutes ; thus the upper lids 
show increased drooping (yitosis) and the facial muscles become feebler. It is 
noteworthy too that the distribution and character of the weakness in 
myasthenia gravis closely resemble those seen after injection of small doses of 
curare in man. 

Administration of a suitable anticholinesterase, e.g. prostigmine or 
tetraethyl pyrophosphate (which yirotects acetylcholine from destruction) 
produces very striking clinical improvement: when so treated, patients with 
marked facial w(‘akness and unable to sw^allow' or get out of b(».d, rapidly 
develop a striking increases in muscular power (Fig. 313). They are able to eat 
a hearty meal, w'alk or run around the room, and perform light manual work. 
The beneficial effects last for a number of hours, depending on the drug and 
the size of the dose used. Tlie anticholinesterase chosen should be one with 

^ Walker, Proc. roy. Soc. Med., 1938, 31, 722. Wilson and Stoner, Quart, J, Med., 
1944, 13, 1. 
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a s(iloctivo action on end plates ; its peripheral action at parasympathetic 
emis (which would ji^ivc rise to uri(iesirahle side actions such as slowing of the 
heart, fall of bl(>o<i pressure, violent ami painful int(*stinal contractions) is 
ke])t in check by means of atropine. 

Certain other drugs wdth an anti-(‘urar(i action have proved beneficial in 
myasthenia gravis though they do not antagonize cholinesterase. Among 
the more; imf)ortant an* jmlassrum. salis (i)ffra), adrenalive (j). 522), and 
ephedrine (p. blJ). The l)eneficial action in myasthenia of so many diverse, 
substances with only their anti-curare action in (common supports the sug¬ 
gestion already made that in myasthenia soiiui metabolic disorder may lead 
to the liberation of a curarizing ageait. 

Role of Thymus. —In many case of myasthenia gravis the thymus gland 
is enlarged. Surgical removal of the gland has been carried out in some 
patients, often with considerable 
l)enefit in respect of jriuscular 
strength : a few patients have re¬ 
covered completely, but the majority 
required continued prostigmine 
therapy, though smaller doses of 
the drug were needed. It has been 
suggested (without adequate evidence) 
that the thymus may play an 
important part in the production of 
myasthenia gravis by liberating a 
curare-1 ike substance. 

Role of Potassium in Neuro¬ 
muscular Transmission and 
Muscular Contraction J— (1) Intra¬ 
arterial injection of potassium salts 
{e.y. 100 mg. in the form of a 1% 
solution of KCl) ])roduces a powerful 
muscular contraction accompanied 
by normally propagated, repetitive 
action potentials, i.e. a short tetanus 
results. The response is indistinguishable electrically from that produced 
by acetyhiholine. Potassium ions act selectivcdy on the motor end plate. 
It has been suggested that acetylcholine, normally released or injected, 
somehow liberates potassium ions w'hich are directly responsible for the 
production of the end plate ])otential. 

(2) Solutions of ionized jmtassium salts have an anti-eurarizing action. 
Fig. 3M shows that muscle responses to indirect stimulation which have been 
greatly reduced by the action of curare are ra])idly restored to almost Jiorinal 
levels l)y re])eated injection of K(^l solutions. 

(3) Famtijal Pkriodk^ Paualysts.^ 'J'his rare disease is charact erized by 
attacks of paralysis which come on at irregular intervals. The fault lies 
periph(‘rally : during an attack, stimulation of the motor nerve trunks or of 
the skin over the muscle elicits no response. The muscle thus reacts neither 

* Wilson and Wright, Quart. J. exp. Physiol.^ iVji, 127. Brown, ,7. Physiol.^ 

1937, 91, 4P. Fenn, Physiol. Rev., 1!M0, 20, 377. 

* Gass ei al.. Medicine, 1948, 27, iOa. 



Fio, 315.—Blood Changes in Attack of 
Familial Periodic I’aralysia. (Aitken, 
Allott, Castleden and Walker, CUn. 
Sci., 19.37, 3.) 

Blood HU(car (dotted line) and serum potassium (con- 
tlnuoiiH line) during an attack of j>araiyHiH in¬ 
duced by taking 22.‘> r. of plucosc (first arrow). 
The bia(‘k band along the abscissa indicates the 
appearance and development of symptoms ; they 
coincide with the decline in serum K'^, and are 
relieved by the administration of 12 g. of KCl 
which raises th»‘ serum K Time (on abscissa) 
in 10 minute intervals. 





520 


MYOTONIA CONGENITA 


to indirect nor direct stimulation. The attacks can be artificially produced 
in subjects of the disease by administration of large amounts of glucose, 
which are known to lead to a marked fall of serum jmfassium (ejf. from the 
normal level of Ifi 20 mg % to about i()-]2 mg %). Symptoms of paralysis 
'' develop when the serum K' falls below 12 mg % (Fig. 315). The rise of blood 
sugar itself is not the causal agent, because attacks can also be produced by 
an injection of insulin whieli likewise lowers the serum K ‘, but of course also 
liurers the blood sugar. Th<' administration of KCl (e.g. 12 g.) causes nH’overv, 
l)egiiming in 10 minutes and becoming coinplet<* in about 7 hours, and is 
associated with restoration of the serum level.^ 

I Tlie evidence as a whole siigg(‘sts that K+ may luive a dual role ; (i) it 
may be conc(‘rned with neuroniuseular transmission ; (ii) tlu' excitability 
aiui other proj)(?rties of muscle may depend to wsome extent on the relative 
(‘oneentrations of K within and without the fibres. 

Myotonia Congenita.^ —In this rare congenital dist‘ase, wlje.n the 
])atient starts to perform a voluntary movement, tlu^ musch's are thrown into a 

« MOTOR NERVE STIMULATION 


SYMP SYMP SYMP 



Fio. 310 KfTeot of Sympathetic Stimulation on Fatigued Skeletal Muscle of Frog. 

A series of rapi<lly rw’urriiitf t.witelies were produced by slimulatiug tiie irudor roots till si^ns of 
fatigue api»eared. 'I’lie Hyrnpathetle nerves were etimiiiuted for the periods iudieiited by th»i 
signal above. After o(»nslderabIc latency the twitches increase in size, the maximum elfect 
occurriiiir after cessation of symjiathetlc stimulation. (After Ov\h I\, Pavlov Juhilee Volume, ll)2A.) 

state of spasm which gradually passes off: thus if he ya w ns the mouth remains 
open for some time. As the movement is rep(;aled thf‘ muscles become more 
supple. If the muscle is stimulat(‘d electrically, (‘(mtraetiuri persists for a 
con.sid(u*ab](? tinu' after stimulafiou ts discontinued. An interesting strain of 
goat has been discovered in the U.S.A. suffering from a condition indistinguish- 
ahle from human myotonia ; as a result tin* condition can be (‘xamined 
experimentally. The muscles are extremely sensitive to mechanical stimula¬ 
tion ; ta})ping, for instance, j>roduces a long lasting coritractioTi which is 
due to a long lasting tetanus in grouf)s of muvscle fibres, accompanied by 
normal action potfuitials. The response is obtained after cutting the motor 
nerve. The r(\sponse of the muscle, to a single motor nerve stimulus is not a 
twitch but is repetitive,, and the tension is corresfiondingly gnjater than in 
normal animals. At the end of a bout of stimulation at a rate of 50 |)er 
second (to ])roduce a tetanus), tlie mu.sc.le remains tetanically contracted as 
it does after sudden exertion in this disease. The abnormal sensitivity to 
mechanical stimulation is unaffected by curare or complete df^generation of 
the motor nerve ending ; it is, however, progressively reduced by bouts of 

^ Aitken el al., Clin. Sni., lU.'H, 3, 47. Allot! ami McArdle, ihid., 1938, 229. 

" Brown and Harvey, ./. J^hysiol.. 1939, 96, UP. Kolb, Johns Hopk. Hoap. Bvll., 
1939, 63, 221. Denny-Brown and Mevin, Brain, 1941, ^4, 1, 
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stimulation at low rates, ejj. 5 per second. Sensitivity to intra-arterially 
injected acetylclioline is uiu^hanj^ed, }int tin* duration of the. response is 
increased. Irjensitivity to injected potassium salts is ljovv(jver Tar greater. 
Myotonia is probaldy not. dm^ to an abnormality of neiiroinuscula r transniission 
but to changes in the excitability of the iiiusele fibres themselves. 

Quinine has proved helpful clinically; and it similarly relieves the 
myotonic condition in the jfoat. 

Action of Sympathetic on Skeletal Muscle, (i) Non-medullated sym¬ 
pathetic postganglionic fibres j)ass to the blood v<\sse|s of skeletal muscle 
(p. ’JOS). It has lieen claimed that thes(‘ nerve fibres also end on thi‘ surface 
of the. sareolemma. of the muse,h‘ fibres ; tliesi* claims an* proliably incorrect. 

(ii) The sympathetic innervation is not responsible for the maintenance 



Fig. 317- -Anti-Curare Action of Adrenaline. (Wilson and Wright, 

Quart, J. exp. Physiol.^ 1036, 26.) 

Above : Isometric coiitnuttiotis of gaHtroenemius in rtjsponse to motor nerve 
Htimulation ; Itelow ; bloo<l presHure. The respoiiHc of (he muscle has hecii 
greatly reducetl by previous injection <»f ciiran , the etfoct of which w'as 
becoming progressively more Intense. Inject. (A) bh mg KC) (cf. I’ig. Hit); 

(it) (.)-0‘2 mg adrenaline : note sh)vv initial rise of muscle tension in response 
lu stimulation ; at C cut both vagi in the iii'ck. Note that the three procedures 
produced roughly equivalent prcsstirettecta; the pressor effect of vagal section 
W'as, however, not accompanied by any improvement in the niusele response; on 
the contrary, the responses <lecreaseil as the effect of tt»c curart> rt'.iisserted itself. 

of skeletal muscle tone which depends on a proprioceptive reflex arc involving 
the somatic nervous system alone, (p. 

(iii) Sympathetic stimulation anfayonizes the onset of fatigue in skeletal 
muscle ; its mode of action is unknown. Orbeli recorded the contraction of 
frog’s muscle in resfionsfi to tetanic stimulation of tlu^ motor nerve repeated 
at short intervals. Fatigue gradually set in, as shown by diminution in the 
height of the contraction. The sympathetic supply of the muscle was now 
stimulated (the motor stimulation was continued througliout the experiment) ; 
after a considerable latent period the size of the contractions became greater, 
and this ellect persisted for some time, after sympathetic stimulation was 
discontinued (Fig. 31()), Stimulation of the sympathetic alone produces no 
recognizable effects on resting muscle. 

(iv) There is evidence that adrcfialine (which is the sympathetic trans¬ 
mitter (p. 508)) produces similar effects ; its injection may also increase 
the ei:citability »nd contractility of unfatigued muscle above normal limits. 
Orbeli’s results (supra) may be due to the sympathetic fibres to the skeletal 

17 * 
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blood vessels liberating adrenaline, some of which diffuses out to affect the 
neighbouring muscle fibres. 

A more striking effect of adrenaline in muscle is its anti-curare action 
which develops more slowh’^ and is not so marked as that of K+ ions 
(Fig. 317) ; the response is not due to the accompanying changes in the 
circulation. Adrenaline (and related substances like epliedrine) increase 
muscular power in myasthenia gravds (p. 


TRANSMISSION OF NERVOUS IMPULSE FROM NEURONE 
TO NEURONE (SYNAPTIC TRANSMISSION). TRANSMISSION IN 
AUTONOMIC GANOLIA.' 


In the central mirvous system and in autonomic ganglia, impulses pass 
Irom one neurone to another ; conduction is always unidirectional, Le, the 



impulse always passes fron» 
the terminals of the axon of 
neurone 1, to the dendrites 
and cell body (soma) of 
neurone 2. The junctional ” 
region between the terminals 
of neurone 1 and the surface 
mem brants of neurone 2, is 
called the synapse. 

The histology of the 
synapse has been most care¬ 
fully studied in the grey 
matter of the spinal (;ord. 
The afferent nerve fibres 
which impinge on the surface 
membrane of (for e.xample) a 
ventral horn cell, end in small 


Kio. 318.— Structure of Syncapsc. ( Lorentc <Jc No, varicosities called synaptic 

J. A'europhymol., I9;i8. 1. I<I5.) hnninals (boutons, pied.-! 

TliH drawitiu shows flhn.*s oiHlinu on tin* surfan? 

mcnihraru* of a trrll in the spinal roni. 

Note : (i) thp swollen syriaptU; terminals ; (ii) the teniiinals 

of each afFerent filament rorne in contact with a .• •, ^ 

restricted part of the cell meinhrane. (JOlltinUlty at the Synaj)S(*. 


terminaux). There is intimate 
contact but no physical 


two membranes int(irven<‘ 


between the two neurones, the membrane of the cell body and the 
membrane of the impinging nerve filaments. One vmitral horn cell receives 
synaptic terminals from many hundreds of affenuit fibre's ; the cell is thus a 
convergence point. Fig. 318 shows that the syna])tic terminals of any one 
affenuit fibre make contact with a very restrictfid region of the surface mem¬ 
brane, and do not cover this area completely ; the synaptic terminals of one 
afferent fill up the gaps on the membrane left by the terminals of another 
afferent. Any continuous ])atch of the membrane of the cell body is covered 
by the terminals from several afferent fibres. The same kind of arrange¬ 
ment probably exists in the synapses of the autonomic ganglia. It should 


1 Feld berg and Gaddura, .7. Physiol., 11K14. HJ, 305. Hrown, Physiol. He.v., 1937, 77, 
485. Ecclos, Ergeh. Physiol., 1936, S8, 339. Bronk, ,7. Neurophysiol., 1939, 2, 380. 
EooleB, J. Physiol, t J943, 101, 465. 
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be noted that by contrast with synapses, the motor end plate contains only 
one incoming fibre and its terminals. 

Transmission of the imj)ulse from neurone to neurone (“ neuro-neuronal ” 
transmission) dei)cnds on the processes occurin" at the synapse. Both the 
anatomical arranjjrements and the ]irocesscs involved are simpler in aiiton- 
umi(^ gaiifjflia than in the central nervous system. Syiia]»tic transmission in 
autonomic ganglia will therefore l>e considered first. 

Transmission in Autonomic Ganglia. Evidence for Cholinergic 
Transmission. - (i) When an autonomic (usually syjiipatlietic) ganglion is 
jierfused with eserinized saline (to jueserve the acetylcholine), stimulation 
of the preganglionic fibres causes the release of acetyicholiiK^ whicli can be 


? X normal calcium Sx normal potassium 

\ ' 'i il iii ii m iiiiii iii ii ilWHi iiiii 


^^444444^1444 normal 



NO calcium 


NO POTASSIUM 


Fia. 319.—Acetylcholine stimulates Autonomic Ganglion. 
jOrt'ect of calcium and potassium ions on the response. 
(Bronk, J. Xeurophysiol., 1939, 2, 293.) 

'riui verticul lines In the tracings arc action potentials (i.e. impulses) 
rc(tordf!(l from a tiimjle postganglionic llhre and tluis representing 
tin' dischargcj of a yingle ganglion cell. 

Tlie ganglion was perfused with lUuger's solution containing 40 f*g. 
of acetylcholine/cc. 

Middle nuiord (normal) : the solution causes the ganglion cells to dis¬ 
charge. T’hc ra^+ and K+ content of the perfusing fluid was 
riiodifled in the upper and lower records, 

heft-hand column: High (’a'» deerenses .anil low (’a*» iiuTeases tlie 
discharge rate. 

Itight-hand column ; high K» iiicrea.ses and low K * decreases the 
discharge rate. 

Interrupted liorlzontal lines : time In 0*5 see. 


demonstrated in the fluid coming away from the ganglion by the metho ' 
described ou j). 720. 

(ii) Direct application of acetylcholine to ganglion cells causes them to 
discharge (Fig. 319) ; so does intravenous injection of acetylcholirK*, as is best 
shown ill tilt', atrojiinizcd animal (p. 719). Atropine does not “block” 
transmission in ganglia, though it does “ block ” transmission at cholinergic 
j)ostganglionic terminals. The frequency of the discharge of the ganglionic 
cells is increased on increasing the acetylcholine conctuitration employed. 

(iii) A+ iom also cause the ganglion cells to discharge (they also stimulate 
motor end plates (p. 519)). A concentration of K+ ions in the perfusing fluid, 
which in itself is insufficient to stimulate i\w ganglion, enhances its response 
both to preganglionic stimulation and to applied acetylcholine. Fig. 319 
shows that with a constant concentration of acetylcholine, the frequency of 
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discharge of the cell is increased by doiiblirij^ tlu* K ion eoiKHMitratioii, 

and is decreased by th(‘ abst'iice of K ^ ions from tin? perfusion fluid. It 
has, therefore l)eeu su‘T<ieste<l that (as in nnisole), acetylcholine relt;ases 
ions which act directly (»n the ;fan«xlioii cell nioinl)rane. ^ ions 

have the reviu'se tdfect ot* k‘ ions, /.c. they <h‘press transmission in ganglia 
(Fi^r. 319). 

Synaptic Potentials in Ganglia. When an impulse in a pn^ganglionic 
fibre reaches a ganglion cell, it sets up a localized ajfnafific potential closely 
resembling in its properties tlie end plate f)ot(*nlial iji muscle. When the 
synaptic potential attains a critical leve,l, it alters th(‘ state of the cell mem¬ 
brane sutlicienrly to generate a pro[»agated spike potential, i.e. a nervous 


1 

2 



t « t 1 1» » t « « I 1 < ■ » « >« ‘ j ^ i j ^ j j 



Fio. 320.--Synfiptir IVtentiHl in Svinpatliotir (iaiitdion. (Kr(;l<‘s, J. I!H3, 

W, 470,‘472.) 

rixiK*rinu*nt on th** stellat** uariiilion. Thft sriinulus is applhM] to Uio ]>n‘K;ini:Iionic norv^*. 

Ilrfoniint' flcotrodos ; th*’ proximal is on tho uan^liou ; l.hf‘ distal is on tin- po>ti?ati;ilionif fllircs. 

Tin; sinall vertical lliji- Tfpp-st nts the appli'*ation of tin* stimnliis. In J arul 'J, the point of stimulation is 
also shown l»y a minute (ieileftiou. the. “ stimulus art*-fat‘l 
1. Ganaliijn deeply eiirari/ed. Note tin- small slowly risin;^ ioeali/.ed fmouopliasir.) negative synaptic 
potential. 

liijihter curarization. Tin; synaptic potential rises more alirujdly and t(j a ^'n-ater In-iudit. 

1. tightly curarized jjanirlion. Two stimuli are a|»pli'‘d. Summation of synaptie pf)teutials results 
from tin- two suecessi\-e prej^an^dionic volleys of iiupuh«\s. 

In 4 the second stimulus is applied after a longer iniervaJ than in :i. 

■fiine scale,, r>(J m.see. 


impulse, in the postganglirtnic fibre. It is |)re.sumi*d that, as in minsch!, the 
sequence of events is as follows : nervous imjiui.se in ftregaiiglionic filmj ; 
release of acetylcholine at synaptit; terminals ; (possibly) release t>f ions ; 
local (noii-prcipagated) syTiajttic j)otential; spike potential starting in tlie 
nnmibrane of tlie garigliou cell and travelling down tln^ [tostgajiglitiiiic fibre. 

If a suitable coiK'tmtration of curare ajtplied to a ganglion, a single volley 
of ini{)ul.ses, travelling along the preganglionic fibres, sf ill rt^Ieastjs acetylcholine 
which sets up a local synaptic pottmtial only (Fig. 320, 1,2); this potential 
is too small to .stimulati* the ganglion cells and so no discliargc occurs along 
the {)Ostgangli()nic fibres, Re/petitive stimulation of the preganglionic, fibres 
produces summation of the synaptic potential which thus progressively 
increases in magnitude (Fig, 320, 3, -1). When it attains a critical size it 
f^tirmilat(‘S the ganglitm ct;Ils to discharge,. 
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I’he ganglion c«»ll is tlio f(‘ll l>o(ly of Ji n(*rvr^ fihro of tlu‘. (5 t\ ptj ; as in C 
fibres tlu* spike ])otential of the gn.nglion <-ell is followed first, bv" a negative 
and then by a ])ositive after-fiotential (ef. Kig. 293, f ■). l)uring tin* nega,tive 
after-fxdential the e<’ll is more exeitafde and during the positiv(‘ after¬ 
potential it is lc‘ss (‘xcitable, to stimiilatinn. 

Properties of Ganglionic Transmission. Si'atial Si mma^iion. Any 

Ni ALONE - 

N2 alone - 

N, + N2 limilillifii 


I'M;, - hiagram otSjwlial Siiiiimaliun. 

0 . .a u.uivrlioti n il ; r it- liliff'. 

Ni. N . lll>rc>: inilinj.' on 0. 

aiirlit-liiWKl si«|.' ; n corj ol in |»o'>t.uans;liMui',' lilm . 

MinMjil;ni<*n ol \| /»/' \-. . no r»-i*on-»* ol itiHjirlion n-jj. 

sitniillanroii.’. -tinmlation of A, jiln- : jiair^lioii .•<■11 tli>chjir!:'(--.. 

siugh^ pri'ganglionie fibre ends on several ga.iigli(»n cells ; it follows thend'ore. 
that any .single ga-nglion cell is a <:on cm fence fMeiitf at which several pregang¬ 
lionic fibres end (Fig. 321). It is ]>robable. that before a ganglion cell can 
discharge, a symijttic. potential, of adeijuate ihughilndc must develo]) in a 
siiflicient <tre<i of the, siirfaca*. membrane. Thus a stimulus ajiplied to a pre¬ 
ganglionic fibre (»r Ng (Fig. 321) may produce a synaptic potential which 



0-5 SEC. 

L-1_i_ i„ „i ■ „ 1_J_L- 


I'n;. 'IVin|M»r;il Stnimialiuji in (iaiigli^at. (Rrmik, Annr. ./. P/tifsiol.^ 11)38, 

/•- S.) 

8 on'|Mrrlns«*«l symp.’iihctic j.niniilioii rtprfitivi-ly >tiinnlatra tJuonvMj its prt%Mn>'lionir. 'ilu- .n-lion 

IMiinitiiiis an.- na-ordrd IVoin tltr jfost.ftnuflurnir iirrvr. 

'I'Jii- Jwiuht «>i’ tlu‘ action polrntiaLs uTorilnl i... a naaMin' .)!’ tho iiuimImt of iK»>tganglioni<- til.ir.. in 
jn’tion aiid, tlimddn*, of llii’ uuinl«.‘r t»r uaii^lionir n-H.' disi'har;.;iM)j:. 
l.t)\v«>r rnonl : 'J iinr in u n src. 

\ol.f. how with n’jtrat.rd stimuli tin- arlioii poti-ntials n‘ford«‘d from thr postj'anizlioidr in'rvcs incn-asi- 
in inaKidt.iidi; intiicatiiiK that a larm r nuiidirr of ;.'an^Iion < rllh is disihar^iinj;. 


is too small or too restricted in area, to cause the ganglion cell to discharge ; 
sued) a level of exeitJit ion of the. cell is calhsl sifhliminfiL But if N j and 
stimulated shtndtaiienteslj/ tlndr imlividual syna.])tic jtotentials are swmtnafed : 
the greater size ami area of the resulting .synaptic potential excites the 
cell and a discharge occurs. Such a jnocess is calletl nfKilial summation 
because it involves activation of a larger art'a. of the snrface membrane 
(cf. p. 533). 

Temporal Summation.— It is known that the chemical transmitter and 
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the synaptic potential, to which it gives rise, persist for some time. In the 
curarized ganglion it w'as shown that repetitive stimulation may build up the 
synaptic potential from subliminal to threshold level. A similar j)roce8S 
possibly occurs in non-ciirarizod ganglia (temporal summation). Fig. 322 
shows that repe^titive stimulation of a preganglionit; nerve gradually pro¬ 
duces an increase in the amj>litud(5 of the postganglionic spikt^ potential, 
indicating tluit mon; ganglion cells are being (prognissively) stimulated, 7.c. 
cells which were initially stimulated subliminally, finally respond to a 
succession of imj)iilses when tliese hav(' built up tlie synaf)tic jiotential to 
threshold level (cf. ]>. 534). 

Aftek-Dtscharge. —Under some circumstances, on cessation ol pre¬ 
ganglionic stimulation, the ganglion cells continue to discharge (Fig. 323). 



Fig. 323,—After-discharge of Ganglion Cells. (Bronk, ./. 

NeufophysioJ.y 1939, 2, .387.) 

U<>conl of aotioTJ potentials in postRanKlionic fibres, representInw 
result of (liseharKe of gauirlion cells. During the period indicated, 
tlie pregufiKlionic fibres were stimulated for 20 sec. at 00 per see. 

Ot» eessatioD of stimulation the ganglion (sontimied to discharge (at 
decreasing fr<;(iueney) for 27 sec. 

'head record from left to right and from above downwards.) 'J'ime 
in 0-5 sec. 

This “ after-di.scharge ” may be due either to the persistence of the transmitter 
which had been reh;ased during the period of stimulation or to continued 
release of the transmitter after stimulation had ended (cf. ji. 539). 

So far both temporal summation and after-discharge in ganglia have been 
demonstrated only under unphysiological conditions. 


REFLEX AOTlOxV. SYNAPTIC TRANSMISSION IN CENTRAL 
NERVOUS SYSTEMi 

Reflex Action and the Reflex Arc.- -A reflex act is usually defined 
as the response resulting from the passage of nervous impulses through a 
reflex arc. Tliis begs the question to some extent, Viecause the reflex arc 
itself must next be de.scribed. A reflex arc consists of an a])propriately 
arranged chain of neurones, with two —afferent (receptor) and efferent (effector, 

^ Sborringlon, Intefjraiive Action oj NervouA System, new cdii., Cambridge, 1947. 
Creed, Denny-Brown, Eecles, Lid<Jell, and Sherrington, Heflex Activity of Spinal Cord, 
Oxford, 1932. Selected [Vritings of Sir Chaa. Sherrington, ed. Denny-Brown, London, 1939. 
Lorente de No, J. NeurophysioL, 1939, 2, 402. Lloyd, Physiol, Rev., 1944. 24, 1. Eecles, 
J. NeurophysiU., 1947, 10, 2.51. 
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excitor;—as the iriininmni. The afferent neurone leads from tlie rec(*j)t()r 
(sensory) orj^an (cutaneous, muscular, or sj>ecial sense) via a dorsal nerve 
root or its cranial cfiuivalent into the central nervous system ; the nutrient 
cell is in the dorsal root ganglion (or cranial ecjuivalent). 'Jdie etf(‘rent 
neurone sup[)lying skeletal muscle lias its cell Ixidy in the. central TK^rvous 
system (ventral horn cell or motor cranial nucleus), and the efferent fibre 
passes out in the ventral nerv(‘ root, (or motor cranial n(*rve) to the muscle 
(effector organ). (In the case of viscera the efb^rent side of the arc has a 
more complex arrangmnent, cf. }>. 701.) In only a few spinal retlex('s (one of 
these is tlie stnd.ch reflex) is the minimal number of two neurones, involved ; 
generally one, several, or many conne(;ting or internuncial yieurones {inter- 
neurohefi) intervene betweim th(i afhireiit and efferent neuromis. The inter¬ 
neurones may be situat(‘d in the same segment of the sjiinal cord, or the 
afferent fibre may jiass up or down in the spinal cord for varying distances 
before ndaying ; ultimately the interneurorn^s establish connections with 
the effector neurones (cf. p. 529). 

I'lie effector neurones (motor neurones), called clinically the lower nutfor 
neurones, e.g. ventral iiorn cells and fibres, constitute the final common path 
or sole available route to the skeletal muscles. They are the sole path which 
all im})ulses, no matter whence they come, must travel, if tliey are to act on the 
muscle fibres to which they lead. Afferent impulses originating at different 
distant points and passing through paths widely separate in the brain, 
converge to the same motor mechanism—the final common path, and act 
harrnoniously upon it. 

The definition of reflex action given above is essentially anatomical and 
is too general in character because it could easily be made to include* almost 
every form of neural activity ; thus the most complex and deliberate volun¬ 
tary act is, on ultimate analysis, the response to impulses whi(!h have at some 
preceding time entered the central nervous system. Certain other criteria 
are therefore often employed. The response must be inborn and be present 
in all members of the species. These additional considerations exclude the 
so-called conditioned reflexes (p. (575) or habits and other motor acta which are 
acquired after birth as the result of a process of conditioning, training, or 
learning. The moment of birth is an arbitrary limiting time, because the 
central nervous system is not anatomically completed in the higher animals 
till later, e.g. some of the long tracts have not yet acquired medullary sheaths 
along their entire course. A reflex response is said to occur “ without the 
necessary intervention of consciousness,’' and to be “ involuntary.” Un¬ 
fortunately, it is very difficult to define a voluntary act (cf. p. (51(5). Certain 
acts which are generally thought of as voluntary, e.g. walking, may be carried 
out successfully with a minimum of attention and with the mind devoted to 
other matters. Stress is also laid on the level in the nervous system through 
which the arc passes, i.e. the so-calUxl ” centre ” for the reflex. If the 
‘‘ centre ” is in the spinal cord, brain stem, or basal ganglia, the reflex nature 
of the response is not questioned, but if it is in the cerebral cort(*x doubts 
may arise. 

Reflexes are often described as machine-like and inevitable responses to 
afferent stimuli. This descrijjtion is true when only the general character of 
the reaction is considered, but when examined in detail the reflex response 
usually shows a considerable measure of variability and is modified by 
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environmental elianpes, and especially by the “ previous history of the reffe,x 
centre. Complexiti/ of res|>()iise is not a criterion ; for soiik' relloxes are very 
elaborate and may involve the greater part of fclie body. ( Jenerally speaking, 
reflex responses become more variable in })attern as the centre lies at higher 
levels in the central nervous system. 

Transmission in the Central Nervous System. Two fiindnmental 
dili'erences exist between autonomic ganglia and the central nervous 
system. 

(1) All preganglitmic tibres of the autonomic system are excitatory to 
ganglion cells ; v.c. when ])reganglionic impulses reach the synaptic terminals, 
.stimulation of ganglion cells occurs. Aflenmt lihres in the central nervous 
system on the other hand may be either exclfaforg or inhibitory. An excitatory 
aflereiit, wdien stinuilated, causes a discharge from central ventral horn cells 
and conseijuently, contraidion of the corresponding muscle fibres ; when an 
inhibitory afferent is stimulated it diminishes or arn'sts the discharg(‘ of 
c(U‘tain ventral horn c(‘l]s and the corresponding muscle fibres c()nse<(uently 
relax. Two tyjies of e(*ntral transmission theridbre occur, excitatory trans¬ 
mission and inhibitory transmission (Fig. 324). 





EXCIT. 



M.N. INHIB. 


Kt«. AritagoTiism of Central Kxeitatiori aiid 

<’«ntral Inhibition. 

M.N. —Motor Noiirorif. 

Exfrit., liihil).-a.alf»;rent vxdtutory and alftTont inhibitory 
flbn*. 


Although central transmission has b(‘en intfuisividy studied the (‘xact 
nature of th(‘ jirocess is still o]>scure. As central (‘xcitatiiui and central 
inhibition can mutually annul or muitralize one another tluiv may be due to 
proce.sses which are o]>posite in sign. 

(i) Central Excitntion.- Arguing from the ana logy of tin* end plate potential 
and the ganglionic synaptic potential, it will be assumed liere that central 
excitation is ultimately due t(» the development of a synaptic jiotential on the 
aff(jcte<l cell. This potential is concidved as a localized negcUive eleetrotonus 
(catelecirotonm) ; when it involves a siifticient anra of the surface membrane 
of the cell and attains an a(le(piatc magnitude it causes excitation (discharge) 
of the cell. 

(ii) Central -Conversely central inhibition i.s here attributed 

ultimately to the development of a localized positive electrotonus (anelectro- 
tonus) on the surface membrane of the cell. The anelectrotonus annuls the 
catelectrotonus and so prevefits excitation (diserharge) of the cell. 

Neither the occurrcuice, nor the identity of (duunical transmitters in the 
central nervous systiun has been proved bf^yond doubt. There is some 
evidence suggesting that acetylcholine might act as a (‘cntral synaptie trans¬ 
mitter : it is conceivable that acetylcholine might, in certain circumstances, 
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act as an (excitatory trarisrnitt(».r (E) and in oth(‘r cineuinstances, as an in- 
liibitory transniitt<*r (I) (p. r>.‘i())-^ 

(2) Intkhnunciai. Nh:itiu>\es (Ixtekxeukoxks). In autonomic ganglia, 
the preganglionic fibres (Mid dinectly on tin* ganglion (m*IIs. In the (‘cntral 



Fkj. Ul!r». -Kolc of lrilfrrm?M*ial Noiiojiics in l^oHox Action. 

DiaKrainiuatH' section of splniil e<iril. D.N.K. <iorsaI (iMislcritn ) nerv«'. root; V.N.H. ventral (anterior 
nerve root : n, </', n'\ n"\ A. A' intiTmirn-i:il 

Tlie Bhorteat re/iex are is via O.X.K.. a, Lon^rer rellex ares inv(^!viIl^' delay ]»atli8 are shown via a', 

rt". or a"'. A, A', are "reverherut/ors.'’ Note ln»w an iniimlrte. passing from D.X.R. to V.N.H. along a 
may braneh to excite A, whieh in turn re-exeites a; similarly an impulse along a’" may branch to excite 
A',\vliich in turn re-ext?ites a ". 

nervous system, as explaiinal on p. 527, one or a lew or many iiiteniuncial 
neurones geiu^.rally intervern^ Ix^twtaMi tlte primary afltMcnt neurones and the 
motor neurones. Ailerent impulst^s enttTing tlni spinal cord, may thus flow 

* Slu^rrington lias poiiikHl out that the existence of “ a surfjiee of separation ” at the 
synapse makes posail)le a wide variety of Jf»eaJ changes tliat might l>e involved in excitatory 
or inhibitory transmission. “Such a surface might restrain difliision, hank up osmotic 
pressure, restrict the movement of ions, accumulate electric changes, support a double 
electric layer, alt(‘r in shape and surface tension with changes in difFerenee of potential, 
alter in difference of potential with changes in surfa<*e tension or in shape, or intervene 
as a iiKMiibraiH^ between dilufi^ s(»lutions ol‘ elecMrolytes of ditferent concentration or 
colloidal suspensions with ditferent signs of charge ’* {Integrative Action of Nermm System, 
new edn., 1947). Sherrington thus envisages a much wider range of possible processes 
concerne(J with central transmission than has been considered in the text. 
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through many channels before reaching the ventral horn cells. The inter- 
neurones may play a considerable ])artin the processes of central summation 
and after-discharge. Consider, for example, the arrangement of the inter- 
nuncials in the retiex arc illustrated in Fig. .‘525. A single stimulus a])pIiod 
to an appropriate*, afferent nerve sets ii]) a single aflerent impulse which enters 
th(‘ spinal cord in tln^ dorsal nerve root. At tin* hrancliing point of this 
root the iin})ulse takes the sliortest route to tin* interniincial a and then to 
the ventral horn cell, using a thn‘e-m*urone reflex arc. The impulse will 
also travel along the ascending branch in the spinal 
cord and ultimately reach tlie ventral horn cell aft<*r 
having travelled along [)rogressively longer reflex 
arcs via int(‘rnuncials a\ a'\ and a'". The motor 
(M‘il will thus he bombarded by four impulses 
reaching it in close succ(‘Ssion although only a 
sluf/le aflerent impulse was set uj) in the dorsal 
root. (V)nsider further the intern uncials A and A'. 
An impuls(i travtilling along the internuricial a will 
not only stimulate the ventral horn cedi but also 
the cell of A ; tlui imj>ulse along the fibre of A 
excites tlie cell of a. An excitatory cycle is thus 
established by means of which a stimulates A, and 
A in its turn stimulates a. Each time the cycle 
is completed the motor neurone is stimulated (cf. 
circus wmemeut in heart, p. 291). In this way (as 
Fio. 326.—8timulutin^ the nerve impulses travel without decrement] the 



(excit.or) action of 
Acetylcholine on 
Spinal Cord. (Calnia 
and Wrijrht, ./. 
Physiol., 1944, 103, 


motor neurone might be subjected to a nervous 
bombardment for an endless period of time unless 
some inhibitory agency supervened. The neurone 
A, and the similarly arranged internuncial A' may 


05). 


(tonvenientlv be. called reverberators, lieverberation 


Oerprehrate nit. Tension 
(»r rjuadriceps of inner¬ 
vated le^. At siKiiul in- 
j«‘ct ofaretylriioline 
into (‘»*ntral riul of sub- 
rlavian artery so as to 
reaoli spinal cord. Note 
rapid vlgorou.s coiitTartif)!! 
of innervated <piadrice]is 
wliich is <]ije to acetyl- 
eholine setting up a ner¬ 
vous discharge from the 
ventral horn cells of the 
spinal cord. 


or .Hu.staim*d activity so product*d in the nerve 
centres leads to after-discharge of the motor neurones 
and offers opportunities for facilitation or central 
summation as explained on p, 535 and ]). 539. It 
should be remt*m})ered that the conventional 2- or 
3-neur()ne reflex arc is rarely used in the body 
and that normally arcs of greater complexity an* 
emjiloyed. 

Pharmacology of Central Transmission.t -(I) 
Action of Ax^etylcitoline on Spinal Cokd.—T he 


effect on the spinal cord varies with the exact experimental conditions, 
and may be excitatory or mhihilory. In the decerebrate cat, intra¬ 
arterial injection of acetylcholine stimulates ventral horn cells and 
causes a discharge of nerve. imj)ulses and contraction of the corres¬ 
ponding muscle fibres (Fig. 32G). In the cat under chloralose aujesthesia. 
acetylcfioline generally inhibits reflex spinal activity ; the knee-jerk, for 
example, is diminished or abolished (Fig, 327). This effect is not due to the 


’ Schweitzer and Wright, ,/. Physiol., 1937, HU, J65, 3S4 ; UO, 310; 1938, 92, 422. 
Schweitzer, Stedman, and Wright, J. Physiol., 1939, 96, 302. Calma and Wright, J. 
Physiol., 1944, 103, 93. Calma, J. Physiol., 1949, 108, 282. 
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associated fall of blood pressure or to chauges in the muscles themselves, 
but to a direct inhibitory action on the spinal cord. The central action of 
acetylcholine is partially annulled by atropine. 

(2) A(rri()M OF Anticholinkstekases of Uketuane Type on Spinal 
Cojii). Tlie anticholinesterases modify reflexes as a result of a direct action 
on the ne.rve elements in the s})inal cord. The* tertiary anticholinesterases (e.,g. 
eserine sulpliair) usually stimulate the 
spinal cord (Fig. enhance the 

reflexes, and may give rise (in larger 
doses) to general iz(‘.d and powerful 
convulsions. The quaternary anti¬ 
cholinesterases, e.g. prostigmine, how(iver, 
under approjiriate (5X(>erimental con¬ 
ditions may have just the reverse effect 
and depress reflex(‘s by a direct action 
on the s])inal cord. Frostigmine, for 
exarnj)le, injected inirathecally in man 
abolishes muscle tone and reflexes 
and diminishes the strength of voluntary 
movement by such a direct central 
action. 

(iii) Differences between Convulsant 
and Depressant Compounds, —These 
differences in tin* central action of the 
two groups of anticholinesterases occur 
although the drugs have identical 
actions on other tissues. Thus the anti¬ 



cholinesterases ]).C. hord(Uiine hydro- 
cliloride (tertiary) and the corresjamding 
methiodide (quaternary) have similar 
actions (both quantitative and 
(jualitative) on cholinesterase in vitro, 
on skeletal muscle, blood pressure, 
and other functions ; but the former 
is a central convulsant and the latter 
a central depre.ssant (Fig. 329). A 
possible explanation of these differences 
in their action on the s])inal cord is 
as follows ; Tlie quaternary ammonium 
anticholinesterases and their derivatives 
are lipid-insoluble and so probably 
cannot penetrate the lipid envelopes of 
the nerve cells ; their action is con- 


Fio. ."{27.—Action on Spinal Cord of 
Acotyli’holine and Atropine. 
Central Inhibitory Action of 
.Acetylcholine is partially an¬ 
nulled by Atropine. (Schweitzer 
and Wright, J. Physiol., 1937, 
183.) 

Uncords from at»ovo rlownwards are knee 
jerk, blood pressure, base line, time 
in minutes. At first sifzual PV on 
base line stimulate* pcriplieral end of 
vagus ; not(‘ usual sharp fall of blood 
pressunr. 

At first arrow injeet 0-2 mg. of acetyl¬ 
choline ; note inhibition of knee-jerk. 
At second arrow inject 1 mg. of 
atropine. 

At third and fourth arrows, again inject 
acctylcliolinc ; there is no depression 
with ih2 mg. and a .sliglit gradual 
depression of tlie knee-jerk with 1 mg. 


scqucntly jiroliiibly limited to the extermd surface, of these cells. The tertiary 
ammonium (fompounds on the other liand give rise to frei^ base which, being 
lipid-soluble, may jierhaps dissolvt* in the lipid material of the cell surface 
and enter the interior of the cell. It is suggestful that tin; anticholimisterase 
which penetrates into the cell acts as a convulsant, while a member of the 
group which is unable so to penetrate is a central depressant. The central 
action of both the convulsant and depressant anticholinesterases may thus 
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he due to an iiiercaso in tlie areh/lcholme voncmiration at spvcifio regions of 
the grey matter, Tlie differeiiee between ilie two groups nniy depend on the 
site of tlieir activity in jelation to the surface nienihranes of the nerve (!ell. 
These results siigg(\st th(‘. ])ossi}>i]ity that acetylcholine could act hoth as a 
central excitatory and central inhihitory agent within the spinal cord, and 
that the levid of activity of ventral Jiorn cells may perhaps depend on the 
relative* concentrations of act'tvlcholiue witliin and withoiil these cells. 

The otlier grou]>s of a ntiidiolincsterases, i.e. diisoHuorophosphonatc, and 
the simpler polyp]iosphat<*s, arc all central excitants (lik(^ es(*rine sulphatiO* 

It has heen suggestt‘d (partly on the basis of the- evidence (juoted aliove) 
that acetylcholine may he concerned in iMmtral transmission ; other trans¬ 
mitters may also he involved.^ It 
is particularly interesting to note 
that adrenergic fibres have been 
deimmstrated in the central nervous 
system. Tlu'ir role is unknown. 

General Features of Reflex 
Excitation. (I ISynattio Dklav. 
'j’his is tlie time taken in transmitting 
the. im})ulse through one. synapKse. 
It lias heen measured thus (Fig. 
330): a stimulating electrode is 
intr(»<luc«‘d into the grey inatt(‘r of 
the Itli cranial nucleus which contains 
hotli int(*rnourones and motor 
ncuronc.s. A n'cording electrode (H) 
is ]>]aced on the 4 th cranial nerve 
to recor<l tlu* arrival of impulses 
set u]> ill the motor neurones (M). 
If a weak stimulus is ein])loy(*d, it 
stimulates tln^ intenieurones (I) only, 
and the impulse must first, pass 
through one synapse to excit,e the 
motor neurones (M); if a strong stimu¬ 
lus is emj)h)yed, tiie motor neurones 
are also stimulated direetty by the stimulating current and a motor im])ulse 
is di.scharged sooner, Tlu* linu* interval between tlu* two arrow's (Direct M, 
M via 1) is the time taken for the ini[>ulsc. l;o travel along a very short inter- 
neuroiH* (I) and then through tlu* synap.se to impinge on the motor neuron(‘s 
(M). The delay recorded varie.s with tlu* degree of excitability of the motor 
neurone and is 05 10 m..soc. As some of the recorded delay is due to con¬ 
duction along tlie slowly conducting very fine terminal fibres of tlu^ inter- 
neurone the true .syiiajitic delay must be even more lirief {e.g. 01 0-2 rn.sec.). 

(2) Reflex Delay. -The total reflex time is the interval between the 
application of the .stimulus to the peripheral afferent nerve and the onset 
of contraction in tlu* mus(4e. Part of tlie delay is due to the tinu^ taken by 
the volley of impulses to travel in the peripheral nervc.s to and from the 
centre, and the latent jie.riod of tlu*. mii.s(;le. This peripheral time can easily 
be measured ; when d<*.duct(jd from the total reflex time it leaves the cerUral 
^For critioal di.sciLssion see Feldberg, liril. med. HuU., 1960, 6, 312. 



Fia. 32fi.—Stimulating (Fxdtor) Action 
of Eserinc! on iSpinal Cord, ((.‘alma 
and Wright, J. Physiol,, 1944, lOo, 
101 .) 

Decerebrate Cut. Kcconl of Ten.siou of 
vated Quaclricep.s. 

Anininl fully iitroFimizcd. 

At arrow, ijiject intravfuou.'^ly li luj,'. of csmiir*. 

The f^pinaJ ventral lioni <:<'ll.s are stimulated and 
dtsdiarge to the (Fuadriceps whieh eontraets 
tir.st tonicalJy and then donieally. 




CENTRAL SUMMATION 


538 


reflex lime or central delaif^ i.c. the time taken [)y Uie tninsmission proctitises 
in the central nervous svstem. 


Tile length of the (ientral rleljiy is |)n»])al>ly an in<](*,x of the uuriil)er of 
neurones employed in the re.llex arc, i.e. the riuiii}>er of synapses that are 
successively travtirsed. In A, a muscle airerent was stimulattid to 

produce the stretch reflex (p. oSS) : in Fi^f. H, a cutaneous aHereiit was 
stimulated to ])rodue(i the Ih'xor reih*x (p. ^>9*2). Tlui ])ot(‘ntials were recorded 
in each case from the ventral nerve root; the tr)tal latency of the stn*tch 
Hillex (from time of stimulation to tlie a.ppearaFic(‘ of tin* ventral root spike 


potential) was 2*5 m.sec. whih* that 
of the ilexor reflex was 5-5 m.sec. 
althouj^h tlu‘ |>erij)heral delay was 
approximately tin* same in the two 
(iases. When tlie central delay in 
these experiments is calculattid it 
can he concluded that the stretcli 
refli'x ])rohal)ly em}»loys a 2-neurone 
arc involvim; traaismission at one 
synajFse only ; the flexor reflex on 
the other hand (iiiiploys a multi- 
neurone arc, involving, ])erhaps, 
d or o successive* synapses. 

(3) CrfANOES IN THE NeRVE 
Cem. a.s a l(EsrLT OF Activity. 
Tilt* nerve impulse is coiiducted 
over tin* (iiill in the same way as 
alonji the nerve fibre. Activity in 
t he (?<*!! is acc(unpanied and signalled 



Flo. -(/(jutrasted Central action of Terti¬ 
ary and C^iiatcrnarv .Anticholincfltcraac.s on 
Activity of Spinal Cord. (Seliweitzer and 
Wrighi, ,/. rhi/siol, nt3S, .92, 431). 


hy a sjiike. potential ; tlu're is no 
following phase of heightened ex- 


'Icitmry corupounil —diiiiflhyl carbaniic pster of 
honlvmtw hidirochlttridf. (I).C. lionl. TTCl.) 
(pintcnuiry cooipoiind =--diin»‘t.hyl carbarnic ester of 


eitahility; throughout tlie recovery ^ 
period the- cell sliows depre.ssed 
excitability (cf. j)ositive after- 


lionli'nim.' mcthivdiih’. (I.>.(\ Hurd. Alr.j.) 
at. (.'hU)ralost‘. lOronls fnan above downwards are: 
K..r.^kn«M‘-j»*rK (ripht side); X.M.’-eoatractlonR 
{jastrorru-iniiis (left side). stimul:ded tliroujjh its 
motor nerve : time in ;10 s«rs. 


fXit.ential in nerve (p. -ISII)). 

(4) Central Si/mmation. As 
in a-utonomic ganglia, summation 
might be (a) spatial: {h) temporal. 
It is assumed in this <li.scussion 


irst arrow : iiijeet nm of 1).(\ Hord. Me.I; the 
kn**<*-jerk is almlished from a depressant urtioii on 
^pimil t:ord. Second arrow : iujeet 40 iiiR of 
D.C. Honi. Un. l’ro«ressiv»^ increase in muscle, 
tone, return ami later tireat increase in knee-jerk, 
di-velopnnnt of violent convulsive movements. 
Tln-se elianiies are due to stimulation of spinal 
<’ord. 


that the. synaptic potmitial is 

directlv*^ responsible for exciting the cell ; if it attains threshold value 
(ill magnitude a.nd exftMif. nf c(?ll membrane iuvolv(*d), it “ fires ” the cell 
(causes it to discharge) ; if it- is subliminal, it fa,ils to firC/ the cell. But a 
subliminal svnaptie juitential may summat<* with another subliminal syna]>tic 
potential wliieli lias l>e(*n set ii|) simultaneously in an adjacent part of the cell 
membrane, and thus n‘ach tlir(*shold h*vcl ; t his process is spatial sammation. 
Furth(*r, as the synajitii* [lotential endures for some time, (although it is a 
very brud‘ iieriod), a sequence of imjudses might conceivably build up 
subliminal ])otentia]s, stepwise*, to tlireshold va.lue this would be temporal 
summation ; it is eixtremely doubtful whether true temporal suinniatiou 
ever occurs in the central nervous system. 
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M vio I 
Response (L 


from Lorenie de No, J. Neurophysiol.^ 1939, 2^ 402.) 
Left-hand diagrumH : 1 —interneiirone. M*=-motor neurone (4 th 
cranial nucleun). J< — recording electrode on motor nerve 
fibre (4th cranial nerve), 

Hlght-hand records : Electrical refliJonses recorded from electnKles 


(i) Spatial Summation. This phenomenon is well dennonstruted in Fig. 332, 
in which the scratch reflex was studied. Tlie reflex is so named l)(*caiise 

^ it is elicited naturally hv 

? V V scratching tin* skin on the 

I iMvmi l»ack (dog); the rhythniic 

I M r| T Response a hiiid iind) niovtnnent pro- 

[\ ^ diiced tends to renioxc 

^j\]\ iT-ritant. When either 

" "T " I ^ ])oints tt 

."m r OT fi is stimulated alone, 

I M R1 direct via xl iv . • 1 X 

M I the anerent impulses set 

STRONG ..TIM- Rcnponsc h ^jp oUcit a icflex 

Fia. 330.—Synaptic Delay of Motor Nearonefl. (Modified discharge of the motor 
from Lorenie de No, J. Neurophysiol., 1939, 2, 402.) ; in relation to the 

Left-hand diagrumH: 1 —interneiirone. M*=-motor neurone (4th yj xi r xU i ■ 

cranial nucleuR). Jt — recording electrode on motor nerve Tejnex tiU?reif)re, tUe SKllI 

Kigblun‘d‘^'o™‘?'S™i stimulus employed is sul.)- 

applied to the motor nerve (4th cranial). S-moment of hmmal (though to the 

Upper record : Apply a weak stimulus Ui excite the intemeuronee skiniicrve cndillgsthc Stim- 
only. The impulHC which Is set up must therefore travel to M is adcouate) Wh(*n 

and pass through one synapse to stimulate the motor ueiirones. t , t 

Note single response (M via 1). a and (5 ar(i stimulated 

Loufer record : A irtronflrsr stimulus is applied which simultaneously J,. fLn Tuntrir 

excites both the Interneurones and motor neurones directly. ^^mMlianeOUsiy Liu. mOLOI 
The motor neurones are thus excited first directly (Direct M), neUFOUeS discharge and 
and subsequently Indirectly by the Impulse set up at 1 (M via , i • n x x 

I). Note double response on the lower electrical record. The tiU? Ilip llCXOr contracts 
time Interval between the first arrow (Direct M) and (he second rb vf}! rn ir*< 1 11^n fo h - 
arrow (M via I) is the synaptic delay. Lilimciiii> pst.rd tt u rt. 

flex). 

It is supposed that the fibres from a and p end (in part at any rate) 
on a common group of motor neurones. Impulses from n or p alone set 

up there a subliminal level of “ ccTitral-- 

disturbance ” or “ central excitatory statt^ ; I 

or in terms of the hypothesis adopted here, I 

they set up a synaptic potential which is too I 

small in magnitude or extent to “ fire the 1 

motor neurones. Wdien impulses from a 1 

and p reach the motor neurones simul- a I 

taneously spatial summation occurs; the — f V— 1 ^« . ■ 

synaptic potentials may be supposed to be 

built up to threshold level arul the motor g AVva 

neurones discharge. —f . / i. 

(ii) Temporal Summation (Fig. 333). An im.scc. 

afferent nerve is stimulated once at siudi a Li iTi u-.t » i i l i i i i i i i 
strength that although a volley of impuls<\s is 33l.-ContniJ DeJay de- 

set up, no firing of motor neurones occurs; pends on NuiuIkt of Syn- 
i.e. with respect to the reflex, the stimulus is Keflex Kaih. 

subliminal. Repetition of the stimulus (at 

the same strength) to the same nerve at a. stretch Jteflox: total reflex 
suitable intervals {e.g 3 per sec.) and for an „ ,idav 

adequate number of times (e.g. fi times), --f»r» m.sec, potentials arV 
owing to central summation, finally causes recorded from ventral root. 

firing of motor neurones and muscular contraction (flexor reflex) results. 

This experiment requires critical analysis. It could be interpreted 


simul- 
; tlie 


I 1 m.sec. I 

1.1 1 I I IJ-t I I__I_L I I I I I I I 1 

Fifj. 331.—Central Delay de¬ 
pends on NuiiiIkt of Syn¬ 
apses in Keflex Kulh. 
(After JJoyd, J. Neuro- 
jfhysioL, 1943, 6’, 111.) 

A. Stretch Jteflox : total reflex 
delay «2-r> m.sec. 

H. Flexor Keflex: total reflex delay 
m.sec. Potentials are 
recorded from ventral root. 
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simply in terms of ternj)oral summation of the syna[)tic potential. Let us 
assume that the reflex an; consists of two neuroiu^s only and, th<;refore, in¬ 
volves transmission at a sinj^lf synapse (Fij;. A). 'I’li’e first aOerent volh-y 
sets uj) a subliminal sy.naj)tic potcmtial which rises to a peak and declines 
(like the f^anglionic; ])ot(mtial. Fiii. ‘^20). liefore this potential has disjippeanMl 
tile next v'olley arrives setting; u|) a secoml subliminal synaptic jxitcmtial 
which summates with what is left of the first. Siiccessixa; vollevs n^sult in 


progressive building uj) of 
the synajitic fiotential until 
it finally attains threshold 
value and “fires” tin; motor 
inmrones. 

This interpretation is 
firobably incorrect for tin* 
following reasons : 

{a) Direct exficriment 
(p. 532) suggests that the 
duration of the synajitic 
potential at motor n(‘urou(*s 
is less than 1 ni.sec., 
probably (>l-0‘2 ni.see. 
The interval between 
successive stimuli in the 
(‘xperiment illustrated fiy 
Fig. 333 was 30 vt.scr. : 
simple summation of tin* 
synaptic potential could 
thus not have occurred. 

(b) The flexor reflex in- 
volv(;s st*veral internuncials 
(Fig. 331) and it/S reflex 
a.rc. r(‘semblcs that shown 



Kto. 3*12.—Refle.v (Spatial) Summation in (he 
Serateh Ilefiex. (Sherrington, Jntegratirp. 
Action of Nervous Sysleni, (/amhriclge, n(‘w edn., 
1947.) 


in Fig. 325, or in siinplirn;d 
form in Fig 334, H. 

Suppose afferent L in 
Fig. H, is stimulated 

repetitively. The first volley 
stimulates tin; rnternrurfmrs 
as well as tin* motor neurones. 
When tin* second an(*rent 


Horonls from alxive down wan Is. 

K(.;: Utsconi of eontractiou of tt'xor itiusch* of liip. 

Time in I/r> stT. 

Srj, S/f: decent of aiutinl lint' n*}>n‘.s»Mit.s jH-rioil itf .stimulation 
of point II or fl on tijo siionltn'r .skin. (If niUicr a tir /f is 
stnnvflif stiimibtvtl it rlirits i’li> tliinii* llrxioij of Uu* hi|», 
I.e. the MTatrli n’lli'x.) 

Kir.sl signals on So, Sp : nruk stiniiiljition of skin poliiLs a or p‘ 
ap|>li<’il srparatrly rlirits lat n-llrx n*.sponsi‘. 

SiToml si^inals on Sa, s,l; sanir \vi‘ak stimulation (jf skin 
points u ami /t appin d sunultanronalif. Spatial siiinination 
otTurs and a powt-rfiil rliytliinir sinitcli ndlcx rr,suits. 


volley (uiters the cord it finds 

the motor neurones in a state of subliminal <‘Xcitation Itccau.st* of impulses 
reaching tlnmi iit about the same time from the activity of the iiit^eniuneials. 
With each suceessivt* volley one may sup])ose that ti larger internuncial [tool 
discharges, raisingthe excitatory state of tin* motor neurones nearer to thn*shold. 
“Firing” occurs when tlie excitatory state of the motor neuron<*s has been 
raised in this way to such a levt*l that tin* additional excitation (or syuajitic 
fiotential) set up by an aff(*rent volley arriving at fJtisfitnc lirings tin; excitatory 
state up to threshold level. In other words the summation that is taking place 
is really spatial ; repetition of tiie stimuli rais(*s the (excitatory state of the 
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motor lu'urones Jiot by siinf)lo sumniution in tinu? (true ttunporal summation) 
luit by building U|> an a<b‘(|uat(‘ of baek^rround bombardment ’’ from 

the iutermnicials. The (dfeets of an alfenmi stimulus an* oft(‘n determined 


largely by this background of interniineial act ivity. 



Fio. ‘‘Temporal ” Suinmatinn of 

Jteflexes. (After Skerrinijrfon, lulff/railn 
Art inn of \erroHs .S'/z-s'/f.///.) 


(5) Bi.ock on KjosrsTANC’K. A 
nervous irjipulse cannot ])ass 
bat^kwards through a synapse, 
/.c. it can pass from tin* termina¬ 
tions of tin* axon to the dendrites 
of the adjacent, neiirom*, but iu»t 
in the reverse direction. In this 
connection the periph(*ral libre.s 
of the dorsal root ganglia and tinur 
stoisorv cranial homologiies must, 
be. regardeil as etjuivalent tti 
dendrites, whih* the central fibre* 
is the triu* axon. The term lafr nf 
fonrani conduct ion is a.p})Iied t ») 
this tixity of direction of impulse- 
conduction in tile nervous system. 

(f)) Lof'ALiZA'noN. To elicit 
any reflex the stimulus must, be 
a}>plie(i to a part icular h»cality; c.jj. 
to elicit the flexor retl(‘X an afferent 


Flexor iU‘tlt*x (contrariidTi oC n<-x(ir 

Kach vrrllcnl line S npresi-nfs a >nl)liiniiial 
stimulus jippllfd to ipsilafci’af :)fr.T'til iivrvf'. 
Aftrr six siu’li stimuli tlie motor ui.iiiuiii s tire jumI 
foDtrartion ol' tto* musdo i„. Stimulation 

emital at Si. ’lime (lossor rrconii in C l 


nerx'e in the ipsilatt^ral hind liml) 
must l)e. stiimilnte.d (Fig. dd3). 

(7) Effects of iN'cniKAsiNo 
Stuf\(.'th of Stimclation. (i) 


.As th(! strength of afferent stimii- 
lationis progressively increased tlie reflex n*spojise iinderexamination showstho 
following changes: tlie latent period becomes slmrt-er; tluM'ate of (h*velopim*nt 
ot tension and the fieak t(*nsinn inen*ase; after-discharge is jirolunged (Fig. 3*35). 



Ff(i. 334.—l iiagrarn of Mt^chaiiiKii) of Teinj)f>ral Suiinnation. 

A. Stitmilati(»n of atfnrmt lu rvv- 1. or ,M iiivoh.-^ one synapf^e only, 
n. Stimulation of afU-reiit ri-rve J. involves interm-urones. 

M.N., motor ner\e. 


(ii) When the nisponse of the animal as a whole is being studied, it is 
found that strong(;r affen'iit stimulation produ(;es a more widespread response 
(irradiation). Thus, weak stimulation of the sole of the foot elicits only toe 
flexion ; stronger stimulation may give rise to flexion of the whole hind limb, 
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i.e. a greater part of the flexor motor centre (t.e. the. cellis innervating all the 
flexor muscles) is activated. This is due to a larger number of afferent 
fibres being stimulated, thus activating more motor neurones. 

(8) Fatigue. Reflex responses show fatigut; comparatively readily ; 
the latent period becomes longer and the rise of tension smaller and more 
gradual. Reflex fatigue is due to some eliauge developing in the centre : thus, 
when the flexor reflex can no longer be elicited, the peripheral mechanism 
is still active, and stimulation of the motor nerve readily elicits muscular 
contraction. If the blood supply of the centre is impaired, or if it is depressed 
by anoxia or flua'sthetics, fatigue occurs sooner. The intimate nature of 
central fatigue is however unknown. 



ASyateni, (’aiiihridge, ih‘\v edn., 1947.) 

Kli xor Alli-ri'iil iii*rvr stiiuuJutioii thiriii}^ the pm<nl S S». Tin-stn njjth of Iht* 

was projirrssivrly liarfasod in tlir I, 11, and 111. that tin* stroniriT stimulus 

|irw(lui’ns a i.rr«'at.i r iiuiiK'diati* rcsjmnsr ami n IniitriM' artfi-disrharKo. J'iiiu' in s(‘(:omls. 


(9) Keboitnd is a ])henonienon peculiar to reflex action, and has not yet 
b(‘«*n ac(’ount(‘d for. (Jn cessation of refit*.x inhibition of a muscle, its ttuision 
may rise* considerably above its previous resting value (Fig. ,‘M4) : this 
rebound contracthni is indejieiident of previous elongation of tin? muscle, 
for it may take place when the muscle is so toneless that lengthening does 
not occur during the period of inhibitory afferent stimulation. Rebound 
is attributed to an “ overswing in the centres—a state of over-excitation 
following on a state of inhibition ; but this “ explanation ” puts more 
questions than it answers. 

(10) Recruitment and After-Discharok.^ —These features are well 
brought out when the crofised extensor reflex (e.//. contraction of the quadriceps 

1 Liddell and Sherrington, Proc, roy. Soc. B., 1925, 97, 488. 
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as a result of stimulation of an afferent nerve in the opposite limb) is contrasted 
with the motor tetanus of the same muscle ^ (Fif^. 330). 

(i) The motor nerve is stimulated for a few seconds at a frequeiKiy suilici- 
ently high to produce complete tetanus. After a brief la.t(Micy the tension 
developed by the muscle rises sharphj to a maximum ; when the stimulus is dis¬ 
continued, the tension diminishes rapidly as the muscle relaxes (Fig. 330, B). 

(ii) When the crossed cstofsor rcjlcx is elicited there is a lonycr latency, 
which is characteristic of reflex activity ; under continued afftn-ent stimulation 
the tension in the quadrice]:)s rises relatively yradually to its maximum. When 
stimulation is stopja^d the ttmsion is maintained for some time and th(»n 
slowly declines (Fig. 330, A). The ex})Ianation of these difference's is as follows : 

As the muscle fibres are under the same mechanical and nutritive con¬ 
ditions in both experiments and the same tension develops on both occasions, 
the same number of muscle fibres may be presumed to be contracting in 



Fio. 336.—Crossed Extensor Reflex compared with Motor Tetanus. (Liddell and 
Sherrington, Proc. roy. Soc. B., 1923.) 

Quadriceps musclft. A : Crossed (*xtenBC)r reflex produced by coutralatcral afTerent stimulation, frequency 
38 per sec.; B : Tetanus of inusele produced by peripheral motor nerve stlmuJatioii, frequency 38 per 
sec. (Isometric records). The vertical liJie.s indicate the beglnniup and the end of stlrnulation. 


both reactions. The rapid rise of tension in the motor tetanus indicates that 
all the muscle fibres involved contract practically synchrommsly ; the 
slower development of tension in the reflex contraction suggests that first 
a few motor units are affected, then gradually more and more become 
involved, until the full quota is in action. In other words, with continued 
excitation of an afferent nerve, an increasing number of motor neurones is 
brought under excitation: this is called excitatory remuiimeni. Recruit¬ 
ment is due to “ 7 >.scw(/o-temporal sutrimatioii,” i,e. with repetitive afferent 
stimulation there is a progressive increase in the “ background ” activity of 
the interiiuncial.s. This leads to an increase in the ex(;ital)ilitv of more and 
more motor neurones until spatial summation raises the local synaptic 
potential to threshold, causing firing (p. 535). If afferent stimulation is 
continued for a long time, effective summation takes place, at a steadily 
increasing number of motor neurones. Indefinite prolongation of tlie afferent 
stimulus does not produce; unlimited rc'cruitment; a stimulation plafmu is 
• These features arc often less well shown by the flexor reflex. 
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reached (Fig. 336). There is thus a limit to the nurn})(*T of motor neurones 
that cun be recruited. 

On discontinuance of afferent stimulation the tension may remain un¬ 
altered for several seconds; this is called the after-discharge plateau. As it 
is equal in height to the stimulation plateau, all the motor neurones which 
were ultimately excited during afferent stimulation must still be discharging. 
When relaxation of the nuis(/le sets in, it proceeds more gradually than in 
tlie motor tetanus. In the latter all the muscle fibres go out of action together ; 
in the case of the reflex it must be supposed that the motor neurones stop 
discharging sue(;essively and as this ha|)pens the corresponding muscle fibres 
rtilax. Recruitment thus gives inertia, and aftt»r-discharge provides momentum 
to reflex movements, making these rnove.ments smoother in onset and 
termination. 

Fig. 337 shows the after-discharge in the flexor reflex elicited by a single 
afferent stimulus. Action potentials (representing the results of motor neurone 
discharge) are present right to the end of muscular relaxation. The motor 



Fro. 337.—Reflex After-Discharge. (Sherrington and others, Rejle.x Activity 
oj Spinal Cord, 1932.) 

Mcclianica l(m) arnl ricctrleal rcspoiwr (e) to tdnglr Htiock to afferont nerve pro{lu(MnR reflex response (cf. 
with Fig. A). A larffe nunibttr of action potentials are visible in the electrical record rlpht up to the 
einl of imiscular activity. I'liese repn'Sent tlie after-discharge of tlie spinal ventral horn cells. 
Kelaxation w consequently more gradual than in a motor nerve twitch. Time (on base line) in ()•(»! 
second. 

neurones thus continue to discharge long after afferent stimulation has 
ceased. After-discharge is attributed to persistent stimulation of the motor 
neurones from the internuncial background. As has been repeatedly stated, 
besides taking the direct short route U) the motor neurones, impulses may 
wander through long and tortuous internuncial “ delay j)aths ” in the intricate 
maze of the central nervous system before ultimately reaching tluur final 
objective, the motor neurom*.s (Fig. 325). Imj)ulses go on wandering in these 
paths for varying periods aRer atterent stimulation ceases, eontiniK* to 
bombard the motor neurones, and so maintain the aftiT-discharge. As 
already explained (}). 530), there is no reason on anatomical grounds why such 
central reverberation should not continue for a long time. 

It is easier reflexly to inhibit the after-discharge than the stimulation 
plateau. This is well seen in Fig. 338, where stimulation of fin inhibitory 
afferent produces only trifling relaxation during the stimulation ])lateau but 
causes complete and ra])id ndaxation during the after-discharge. This can be 
readily understood because the after-discharge is due solely to the impulses 
along the longer delay paths (the “ stragglers ”), while the stimulation plateau 
is due to impulses arriving simultaneously by all available routes. 


540 OCCI.USION. SUBLIMINAL FRINGE 

It follows from what has been said that })roloiigation of afferent stimula¬ 
tion increases (within limits) the peak teiisitm and the duration of the after- 
discharge. 

(11) OcrLUSiON. Wlien two allerent excitatory nerves {a and h) each of 
which can evoke the flexor reflex— are siimiltaneously stimulated, it is some¬ 
times found that the tension <leveloped by the flexor muscle under observation 
is leas than the sum of the tension produc^ed by each afferent stimulated 
separately ; thus if a produces in the muscle a tension of value 9 (in arbitrary 
units), and h also a tension of 9, stimulation of a and h together may only yield 
a tension of 12 (instead of the expected 18). This phenomenon is referred to as 
occlusion ; it is due to the fiict that some of the spinal motor neurones (in 
this case producing 6 units of tension in the muscle) are common to both a 
and />. As these motor neurones are maximally excited when a or h is 
stimulated separntehj, they naturally give no gr(‘at(*i‘ n^sponse when a and h are 



Flu, 338.—Inhibitory Distinction Ixttwecm Sfiimilalion Platenn an»J A Iter-discharge 
INaleaij of (’rossed Extensor Itellex. (Lidtfell anrJ SluTrinirtmi, ruu. 

>SVx-. it):-’.").) 

Vastocrun-us. lii't'vfon (}»<• vertii-al liin's on th'- stiniululion of alf\'rt*nt iu'rv«‘ to flirit. rros^icd 

f.xtMwor ivUcx ; 1, delivery of sinulo Ktiork to intiiliitiiiy ;<(rcr» rit. 

A, (IclIvHry of intjil)ition in ■•itimnlnlinn i»laf«‘aii : )L rlflivfry of iniiiLition in afUT-disdi.'irjzt* i»Jjitran ; 
C, rr[ndition of n'fli'x It uitii no iiddLitory sliork d*-liv«*r«'d fisoiniorif r«'*“Mrds). N'oti- d\ir.'itiou oi’ 
aitGr-dij?< ij;ir^n . 

stimulated together. In brief, occlusion i.s due to, and is convincing evidence 
of, afferent fibres overlapping in their central distribution (Fig. 339, A). 

(12) SunmMiN.AL Fkixge, Sometime.s, however, the tension yielded by a 
and h combined is qrmter than the .sum of the two reflex res]>on.se.s taken 
singly (Fig. 339, B). I^liis result indicatt^s that each allerent while fully 
activating a certain number of motor ii(*urone.s acts also on a further number 
subliminally, and that some of these subliminally influericed motor neurones 
are common to a and b. Concurnmt subliminal (‘.xcitations can thus sum to 
jiroduce liminal stimulation.^ This tyj>e of re.sult is another illuslration of 
spatial summation. 

Subliminal ffinge is of great importance in reflex co-ordination. It 
enables one levid in the nervous .system to reinforce the action of another. 
Thus, sometimes, feeble stretch of an extensor muscle (p. 588) produces a 
weak respon.se ; rotation of the head alone (p. 591) may also produce little 
increase in the activity of the muscle. But the combination of the two 
procedures may give rise to a considerable contraction of the muscle—again 
an example of summation of subliminal fringes. 

1 Denny-Brown and SberrinKton, J. Physiol., 1928, 66. 176. 
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(13) Motor Neuronk DisonAHGK Rate and Rate of Aeji'erent Stimu¬ 
lation. Tliere ne(‘d not iioctjs.sarily be any reji^ular nilatiousliip between the 
rate of Ktiiimlatioii of an afferent nerve and tin*, discharge rate of the motor 
neurone. The latter will dej>end on the degn;e of suinniatioii ainl after- 
di.scharge that oc<uirs. A single afferent volley may f>roduee a repetitive 
discharge from th(‘. motor neurones (because of aftt*r-discbarge) : similarly, 
each volley in a train r)f volleys may geixirate. several motor im])u].ses. The 
discharge rate, would thfui be considerably higher tlian the alferent stimula¬ 
tion rate. On the other hand, discharge may not occur till a number of 
aff(Mt*iit volleys has reacluMl the (amtre and effective.* summation has occurred ; 
the dis(;harge rate would then be a fraction of the afferent stimulation rate. 



Occlusion Subliminal 

Fringe 


Fici. *139. Occlusion juul 8ul>liniiiuil Fringe. 

Thv (lia^rttiii shows a ^roup of inot<ur neurones. Tlie clear oelU are exclusively influenced by the aficreut 
libres a fj ; t])r d;irk eell.s aro common to both a and b. 

A : Stiiniihitum of a or b ctbrctivciy cx(.itc.>} U motor muironcs. Stimulation of o and b to^'cthcr excites only 
12 motor neijrone.s. because d are eonimon to both alTercuts. Oociu.siou Uike.s placre. 
n ; Stimulati«>n of </ or h effectively excites ,‘t mot^ir neurone.s (enclosed by continuous iine) and produces 
a subliminal effect on another fi motor neurones (enclosed by dotted line). Stimulation of a and b 
stimulates 12 motor neurones us the two subliminal fringes effectively sura. 

Thus in one c.xja*rimcnt, stimulation at 3, 88, and 228 per second elicited 
discharge rates of 10, 14, and 18 ]>e.r seeond. During a ndh'X like the flexor 
reflex, the discharge rate, of the motor neurones ma,y not be uniform ; it 
may initially rise rapidly to a. ma.ximuni and then speedily decline. 

Increasing t\\e frequenvn of afferent stiimilation increases the tension of tlie 
reflex response ; as more* afferent iinpul.ses arrive in unit time there are 
greater opportunities for central summation, more motor neurones are 
effectively stimulated and they may discharge at a higher frequency. 

Many" of the features of reflex excitation in the somatic nervous system 
(e.ij, summation, irradiation, re.eruitment, after-discharge) can also be 
obs(*rv(Hl in reflexes in the autonomic nervous system. 

(14) Gradation of Central Excitation.--( i) It may be subliminal, t.e. 
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there is no motor neurone discharge, but there is op])ortunity for summation 
to occur (p. 533). 

(ii) The motor neurone may discharge once and a simple twitch results. 

(iii) The motor neurone may discliarge repetitivtdy at a low frequency ; 
the corresponding grouj) of muscle ti bres goes into j)artia.] tetanus (subtetanus). 

(iv) When the motor neurone discharges at about. bO -90 times [»er second 
it is said to be excited ma.nwallff, as with sucli a discharge rate full tetanus 
of the corresponding motor unit usually results (p. 500). 

(v) The motor iieurom*. may, how'ever, discharge at still higher rates, uf) 
to 100 or 150 times per second ; this is called supramaxmial activity. As 
far as the muscle is concernt‘d this high rate of discharge is wasteful, because 
no greater mechanical response develops; the liigh discharge rate can, 
however, be seen in the muscle action potentials. A centre drivem at a high 
rate is protectcHl to some extent from inhibitory influences. 



Fio. 340.—Recruitment and After-Discharge in Inhibitory Reflexes. (Liddell and 
Sherrington, Proc. roy. Soc, R., 1925.) 

Knee Extnnsor. In both records from E to K, stimulation of coiitnilaleral afTerenl to produce crossed 
extensor reflex, lmriu« the period indicated by tiio arn^ws (I, J'), stimulation of ii)allateral inhi!)ltory 
afferent, for a shorter time in A, and for a longer time in U. .Vote that pndongtUwn of inhibUory 
ftimulalionincrmnes the extent of the inhibition ; I'ollowinK it is a horizontal plateau which is interpreted 
as represciitinK inhibitory after-dixcharge ; central inhibition peT»i»t» awl prevents for 0*05 see the. 
redevelopment of tension in the muscle. 

By means of its wide range of discharge rale each motor neurone can finely 
grade the activity of the muscle, fibres which it sapjdies. 

(vi) Filially, an afferent nerve, by stimulating varying numbers of motor 
neurones in the “ pool ” under its pos.sible control, can regulate the number 
of motor units in action, and consequently the tension which is developed by 
the muscle. 

General Features of Reflex Inhibition.— Reflex inhibition resembles 
reflex excitation in many resjiects ; the fundamental diirerence is that the 
impulses arriving at the. synajitic terminals on the motor neurones depress 
(instead of stimulating) the cells. An inhibitory afferent is one which, when 
appropriately stimulated, depress(‘s the group of motor neurones ’ under 
examination, i.e. it inhibits the muscle fibres supplied by these motor neurones. 
Inhibition can, generally, only lx? d<mionstrated against a background of 
activity ; the background classically used in the study of reflex inhibition is 
the discharge of the spinal extensor neuroiuis set up by stretch reflexes in 
decerebrate rigidity (p. 584) or by the crossed extensor reflex. 
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The characteristics of reflex inhibition are : 

(1) Delav : partly peripheral, partly central (cf. p. 532). The central 
delay depends on the number of internimcials traversed (transmission through 
these is of courses excitatory). The synaptic delay at the motor neurone 
at which inhibition is produced, is about 1 m.sec. : during this time the 
im|)ulse at the synaptic terminals liberates the hypotlietical inhibitory 
chemical transmitter, which sets up the supposed, f)ositive localized electro- 
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Pics. 341 and 342.- Antagonism of Central Excitation and 
(\*ntr;d Inhibition. (After Sherrington, Pror. roy. Soc. 
Ji., 1909, ,S7, 249.) 

Urconls of reflex eontrnetiou of a flexor iiiusele. 

EX : at. each rise of the signal, Htiinulate tlie ipsilateral excitatory 
alfere.nt nerve wliich elieits r»'flex eoutraction of the tlexor rnusele. 

1N : at ea(4i rise of the aigual. stimulate the contralateral alfcront nerve 
which inhibits tije flexor motor neurones. 

A, 11. I) : strength of exeit^itory .stimulus J<ept eon.stant: streugtli 
of inhibitory stimulus j>roKre.H.sively Increased. 

E, F, tJ, If : stn'iiKtlJ of inhibitory stimulus kei)t eon.staut: strength 
of excitatory stimulus progressively decreased. 


tonus wdiich, on reaching threshohl value, depresses the firing ” of the motor 
neuroues. 

(2) SuMAiATiox.- As with excitation, central inhibition may be subliminal; 
in terms of the working hypothesis, the positive electrotonus do(\s not reach 
threshold value. Both spatial summation (produced by simultaneous 
stimulation of two inhibitory alferents) and so-called temporal summation 
(produced by rep(*titive stimulation of a single inhibitory afferent) can be 
produced (cf. discussion on j). 533). 

(3) Fatigue. —If an inhibitory reflex is elicited at short intervals, the 
inhibitory response (i,e, the degree of muscular relaxation) becomes smaller ; 




544 


REFLEX INHIBITION 


the scat of the fati|iiic process is the nerve centres. Those observations show 
that central inhibition involves the develo])ment of some “ active ” ])roc<‘Ms 
which arrests tlie. discharge of the motor neurones. 

(4) Increasing the Strength or the Frequency of atVerent stimula¬ 
tion increases the extent and the rate of develojnnent of inhibition (i.r. of 
nmscular relaxation) (Fi^^ 341, A D). This is due to more impulses impin^incr 
on the motor neurones providing greater (ipportunities for s[)atial and 
pseinlo-temporal (i.r. also really spatial) summation. 

(5) Inhihitory l{E(nuTiTMENT AND After-dis(’HAKGE (Fig. 340). Pro- 
loiigation of afferent (inhibitory) stimulation It'ads to ])rogressiv(‘ deejiening of 
central inhibition and greater relaxation of the musculature. This inhilutory 
n^cruitment is due to central siimmati(»m progressively extinguishing the dis- 
cdiargt^ of more motor neuromas. On c(\ssation of affertmt stimiilatiom tlu‘ 
inlnbition may persist at maximal level for soim‘ time and gradually pass away 
i.r. the motor neurone discharge gradually rt^starts. ThivS persistence of 
inhibition is called inhihitory after-discharge ; the term is not altogetlier a 
haj»py one. What happens is this : w’heii aflerent stimulation is stopj)ed, 


ON 

1 

OFF 

1 

unnnn- 




Fio. —Uollex Ttiiijl»itiou slowing Kale ol' Motor Nettrotu' l)iHe}jar<i(.‘. 

(Sherrington atid oTli(‘rs, Ihfiex ArtivUy of the ^Spinal (.'ord, 

Reijonl <if' til'- roti.-titi.il*; iu a simrl'- motor unit In to n-fli-x i-Xfitation. liftwi-i-n thi- |)Olnt^ 

iiKiirati '.l by C>.N and an inhiliilory aHVn-nt nervi* wiih stirnulatcil. Tho ratr of motor ncnrorn- 
ilisctiari:*.* i.s iiiArkially sIow«m. 1. Timi- scale in 0 01 sec. 

iirijuilses continue to ])a.ss through the maze of internunoials ((‘xcitatory 
transmission) ; the internuncial background bombards the motor neurones 
to j)rodiiC(‘ an inhibitory state ; i.r, [>er.sistent activity (after-discharge) of 
the interniincials sustains a static of inhibition of the motor neurones. 

(6) 1a)(’ALIZATION. —To inhiliit a s})ecifie group of motor muirones, 
a]>propriate atferent nerves or nerve ending.s must be stimulated. Thus 
ipsilateral afferent stimulation inhibits the (‘Xteiisors of the same limb (as 
part of the flexor ref]t*x) (Figs. 33.S, 34n, 341, 341) ; contralateral afferent 
stimulation inhibits the. flexors of tin* opposite liml) (as part of the crossed 
extensor reflex) (cf. reciprocal innervation). Pressure on the sole of the foot 
<;licits the (.‘xtensor thrust in the same limb, during which the extensors con¬ 
tract and the flcixors relax ; nocuous (harmful, ])ainful) stimulation of tin* 
sole of the foot elicits the flexor reflex in tlie same limb, during which the 
flexors contract and the extensors relax. 

(7) .Antagonism ok Central Excitation and Cen-ikal iNHiRmoN. 
Central excitation and central inhibition whatever their nature or their sit<* 
of development njfiresent proee.sses which are opposiUt in sign ; they mutually 
annul, neutralize, or antagonize one another. This can be demonstrated by 
simultaneously stimulating an excitatory afferent (EX) and an inhibitory 
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afferent (IN) acting on the same group of motor nciurones. By siiitahly 
adjusting the strength of stimulation of afferents EX and IN, the activity r>f 
tlie motor neurones can be finely graded (Fig. ,‘MI). With increased strength 
of afferfMit IN, the number of motor neurones which are discharging is progres¬ 
sively reduced. In the case of an indiviflual motor muirnne, its discharge 
rate can be slowed down from sufirarnaximal (IbO per sec.) to maxitrial 

((U) UO per seer.), tlien to lf)vver, sub- _____ 

tetanizirig, frequencies : finally the dis- —-vg— 

charge is coinplet(‘ly stopped (Fig. I SEC. 

Reciprocal Inhibition (Reciprocal 
Innervation). -Jle.Hex inhibition (»f f 

tile antagonist muscles is an almost j z' 

invariable aecoiiipaniment of refh‘X / / 

(‘xeitation of the ])rotagonist inus(rles. I \ 

This is the principle of reciprocal 

innervation of muscles. Movements 

are thus facilitated, as relaxation of 1 

antagojiists j)ro(;e<Mls pari passu with ! 

eontniction of juotagonists. This I 

important general law can be readily p \ 

(hmionstrahvi (Fig. 341). 

In a de(?(?r(d)rate animal the flexors 
of the krn*(i and their antagonist the ^ \\ 

vastoerur(?us may l>e d(?tached from \\ 

their insertions and attached U) levers. \\ \ 

If a nocuous stimulus is applied to \\ \ 

the soh^ of the foot to elicit the llexor \ \ 1 

reH(*x, it is found that as the flexors \ \^ 1 

(•(Mltract the extensors elongate. It can \ J 

1)0 sliown that the tw'o processes an* ^ . 

simultaneously induced. Tlie receptive ----— 

Held, tlje nature of the stimulus, the Fio. 344.— Reciprocal Inhibition of 
latent period and the number of sub- Antagonistic Muscles. (Sherring- 

liminal stittiuli ne(je.‘jsary to prodina* ion. Quart. J. exp. Pkysiol., U)V^.) 

suniinutioii an- identieal for contrm't it.ii 

of th(* hamstrings and for rehixatioji of oi siguai line jp, Btimuiatc ip.siiAtomi 

,1 . rpi ii* X. ’ 1 iM>pntcal nerve. The Inhibition ot the 

I he vastocrureiis. I he atierent inif»ulst*s extensor is accompanied by a sirmil- 

wliich enter the mniml cord stiiniihit.e taneous contraction ot the llexor muscle. 

vMiitii enter lUl spinai corn STiinuiatt Myograph writer for E is set a little to 

the llKJtor neurones SU])])lying the the right of that for F, so tliat ascent of 

protagonists and iiihihit the motor iSiiy”8ySronouB.^ Reiaxu^tioV’of* the 

neurones supi)lving the antagonists extensor is followed by a marked re- 

/w 04 i 1 04 -V 1 ” bound contraction above the original 

(Figs. 314 and 34;)).^ level. 

Fig. 34 J is analysed in detail in the 

Ajijiendix, p. 1123, w}n*r<* the subject nf reciprocal innervation is diseiissi'd 
very fully. 

Reciprocal innervation can also lx*. deinonstrat(*d in postures (p. oOd), 
following stinmlation of tln^ motor cortex (p. 034) or of the frontal eyefield 
(p. 038), following cerebellar stimulation, in lahyrinthine nystagmus (p. OOJ) 

‘ Sometimes, however, it is more advantageous to have siniultaneous contraction of 
protugonists and antagonists—as when it is desired to maintain a rigid posture (}). 590), 
i8 
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and in stretch reflexes, exf, tlie hiee-jcrk (p. 644). To some extent the principle 
also applies to the autonomic^ nervous system. 

Reciprocal innervation in volunfarj/ mmrmetil is fully (liscuss(‘d on 
])p. 649 et seq. 

Central and Peripheral Inhibition. -In central inhihition the seat of tlie 
inhibitory process is in the centre, e.g. inhibition of extensor motor neuromjs 



Pk;. .'Ma.— Diagram illusfraling .M<*<hanism of Hiiipjocal iiiMrrvafion. (.MraJitiiMi from 
Sherrington, Juteffraliif Art ion of A’r.r/>(>«.v 

K--Knee ex tensors, V--Knee flexors, t---Central exritnt ion. — ^('entral inhibition. 

Stimulation of central end of afferent nerve on ri'^lit shie refliixly product's flcxtir reflex on riKht aide anti 
crosaetl extensor reflex on lidt side. In the rase of each reflex resjton.se, contrai.'tion of protagonists is 
accoiuiianied by n.’ciprocal inhibition of antagonists. 


in the fh^xor reflex ; inhibition of the vasomotor cent re by the aortic or sinus 
nerve (p. 739) ; inhibition of the inspiratory centric liy va^al afferents from 
the lungs (p. 388). Jn peripheral inliibition the seat of tin* inhibitory process 
is in the periphmal tissues, e.g. vagal inhibition of the heart (p. ‘268), sym¬ 
pathetic inhibition of the small intestine. Sup]jression (p. 620) and conditioned 
inhibition (p. 079) are special types of central inhibition. 
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THR AFFERENT NERVOUS SYSTEM ^ 


Skin and Muscle Receptors. - Tliese may be classified as follows : 

(i) In Musde ami Tendon : {a) Muscle spindle ; (h) Organ of (iolgi. 

(ii) Organized Skin Receptors: {a} Pacinian corpusefi* ; (h) Tactile 

corpuscle ; (c) End bulbs. 


(iii) Ram Receptors: (a) fre(‘ nerve endings; [h] 

plexiform networks. 

(1) MuscuLO-TENDrNous Endixos. (i) The mnsrir. 
spindle is a fusiform body lying between the musci<* 
bundles, with its long axis ])arallel to them. It consists 
of G 12 poorly diirereiitinted thin “ intrafusal * muscle 
tibres rich in nuclei and .sarcoplasm ; the tran.sviuse 
sl.riatioiis are not well marked. Th(‘ spindle has a, 
(complex innervation : {a) An aibnent muve libn* enters 
the spindle and brt*aks up into non-inedullated branches, 
ea<di of which winds in a spira.! or annula.r mariner 
round a single intrafusal fibre (“ annulo-.s])ira.l ending") 
(Fig. .‘Mf)). Tliese recejrtors respurrd (a) to j)assive stretch, 
and (fi) to changes in the tension of the intrafusal fibres 
resulting from their active contraction. Wlnm the muscle 
fibres outside the sjrindle contra(*t, the degr(*e of stretcli of 
th(‘ spindl<* is generally decreased but sometimesisincr(‘as(‘d. 
(h) The intrafusal fibres receive a motor innervation from 
thin inedullated somatic fibres.*^ (c) A non-medulluted 
afferent fibre ; this may be. an associated pain rece])t()r. 

(ii) The organ of Golgi is found in tendon close to its 
point of attachment to the muscle. The tendon tibres 
separate into a number of small bundles; nerve fil)r(‘s 
jieiietrato b(*tw'een the fa.sciculi, and their medullary 
sheaths sto]> short; the axons end in terminal arborizations 
beset with irregular varicosities (Fig. 347). Tlnvse organs 



are also found in the connective tissue between the mu.sr le 


fibres. The Oolgi organ is a stretch receptor ; it is always 
stretched when the muscle contracts. 

(2) Organized Skin Keceptoks.- The.se receptors 
which subserve the sensations of touch, light pressure, 
heat, and cold are constructed on a uniform plan. They 
consist of an outer lamella ted connective-tissue ca psule, 
and a. core of soft nucleated (lells within which the 
axon, having lost its medullary sheath, ends sim[)ly or 
as an arboresceucc. The rece[)tors to be described vary 
chielly in the. complexity of their design. 


Ku;. 40,—I ntrafusal 
Fibre of Muscle 
Spindle and its 
Nerve Supply (.1. 
Hoclic from Shar- 
pey-Scliafer, Essen- 
tuds of IHstdogy), 

N —;\fforent nerve sup¬ 
ply iiip the uiUBcle fibre 
N otc the annular methOil 
of ending of the nerve 
fibre round the liinhly 
nneleated intrafusal 
fibre. 


(i) Pacinian corpuscles are large receptor.s found in 
the subcutaneous tissues of the hands and feet and in the iieiglibourliood of 


tendons and joints. The capsule coiisi.stsof a nuinhtir of concentric fibrou.s coats 
arranged like the layers of an onion; the soft core is cylindrical in shape. The 


* Hoad, Studies in Neurology^ '1 vols., 1020. Stopford, Sensation and Sensory Eatinrny, 
London, 1030; Symposia, Res. Puht. nerr. went. l>is.^ Sonsation, lOIlo ; Fain, 1043. 
Newton, Cutaneous Sensation, Recent Advances in Physiology, 7th edii., London, 1049. 

* Hunt and Ku/fler, J. Physiol., 1051, 113, 283, 208. 
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nervp fibre passes down the middle of the core to its farther end to form a 
terminal arborization. The Pacinian corpuscles res|)ond to deformation. 

(ii) Tdctile rorpifsales (of Meissner) 
are found in the pa-pillie of the 
skin. These touch receptors are 
e]li])soidal in sliape. The afferent 
nerve fibre enters, ends in a complex 
ramification in the soft central core 
of the corpuscle (Fig. 34S). The 
Meissner corpuscles always occur 
in gr(ni]).s of two or three; (never 
singly) ; in finger skin, about ten 
such gr(>u})s are found in an area 
of I sq. mm. Other tactile recej)tors 
are found ft)rniing a basket-like 
ending round the base of the hair- 
fnllir.le.s(F\g. 3P.)); their arrangement 
suggests tliat they would be stimu¬ 
lated ]>y mechanical disfdacement 
of the jiair. 

(lii) Ehd hnlhs (of Krause) occur 
in the conjunctiva, the jmpilla; of the 
of nerve trunks, the skin of the genital organs 
4diey are spheriaal in 



Fio. 1147. — Organ of Golgi. (Cijuu-io, from 
Sharpey-Sehafer, Esae^Uials of l/iAUdogi/,) 

u ** AifereiU ih.tvi* a — Arborization of .axis 

cylinder between liie tendon-bundles. 


li])S and tongue, the .sheath; 

in both sexes, and in the neighbourhood of joints, 
shape (Fig. 3'lit), but 
otherwise resemble 
th e tac t ile c() r\ aiscl (;s. 

They are believed to 
resjjond to cold. 

A s o m e w ii a t 
simj)ler ty])e of 
ending (the organ of 
Golgi-Mazzoni (Fig. 

349)) is said to b(‘ 
specifically responsive 
to warmth. 

(3) Pain Reckj*- 
rouH.—The rec(; j)t( >rs 
are free (unencafjsu- 
lated) thin nerve 
filaments both iion- 
medullated and 
medullated. The 
muscle spindles 
and many of the 
o r g a 11 i s e d skin 

receptors rc^afivt; an 
“ accessory ’’ non- 
medullated fibre which is believed to be a pain receptor (Fig. 348). in the skin, 
two nerve plexuses are present which are related to pain sensibility: (i) a 



I’Kb 34S. Mei.s«in’r’H (Tuucli) (Nirpiisflew. (Weddell, 7.-h/r//., 
l‘Ml, 75, 441.) 

'I’hn'r f-nd oriiuiis, oadi siipplird by n si'jiiU'iit.i* riK'dullatcd libro wert' 
found ill an area (M5 »im>, wide. Noti- r»r<‘fnlly tin* arppa*?oTy nop- 
nK'thdlatHd iifTVf liluc .suppiyitm flit* r(»rpu.s<-U;ri ; it niiiv lucdiutc 
pitip KoiisibiJit.y. 
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mperjivial f)loxus under the epidermis, from which filarmnits pass to end 
between the epithelial cells or actiially in th(‘ cytoplasm of th(‘ C(‘lls. Th(*se free 
endings can be r(‘a<lily acted on by chemical changes in the. cells produced 
by noxious agcuits ; (ii) a deeper siibepid(*rmal plexus. Free nerve endings 
are present round th(^ blood vessels and in the. aponeurotic sh(*aths of skeletal 
muscle and probably subserve ])ain in these localities. 

TernrittoUnfy. Aiferent impulses may be divided into 

(i) Exteroceptive : those set u]) by events in the outer world, such as 
auditory, visual, or olfactory stimuli, or those giving rise to sensations of 
touch, pain, or temperature. 

(ii) Proprioceptive: coming from the muvscles and adjacent deep structures 
(e,g. ligaments, tendons, joints) (also called “ kina‘sthetic impulses ”) and 
from the labyrinths. PjxipnQceptiye„jirnpulses give information about the 
positioiy of th^ head and the various parts of the body at rest and during 
ipovernent. 

(iii) Eoterocepiiee : arising from the viscera. 



Kk;. ,‘MU. Various Forms of Cutaneous Sensory Nerve Fndings. 

(iMiiton, Phifsiohujif (tj Scnxius Sysletti^ N.Y.) 

C) nasUol-like round thu liast- ofy hair loUiflr. 

CJ) 1hul-hull> l? sut*-aTvrs r<ild .sensation). 

(:{) ()r«an of Oolp-.Mazznni sulist-rvis wariulh .srn.sition). 

General Properties of Receptors J ( 1 ) Mkthods ok SinDv. Using 
ampliliers ami the cathode ray os(‘iilograj»h it is po.ssiltle to re(‘ord the action 
potential (which acemnpanics the nerve imjuil.se) iji single ii(‘rv(‘ hbres and 
thus get information of grt'at interest. Jt is of less value to study the action 
potejitials in a nervt* trunk whicii cojitaiiis many libres ; the action potentials 
are out of step in adjacent lihrt's, and the detl(‘ctioiis recorded are simply the- 
algebraic sum of the electriiail changes (at any moment) in all the. fibres and 
do not repres(‘ut wliat ha])pcns in any individual fibre'. It is usually necessary 
(i) to reduce* the numbe*r of conducting libres in the nerve under exaiiiinatiem 
to very fe‘W (if possilde to a single e>m*) by a.|)propriate section, or (ii) to 
sim})lify the ]H*ri|)heral e*nd by having emly a single se*nse*. organ in action. 
Tlie hitter procedure* is well elemonstrated in the*, case of the minute steruo" 
emtaneous muscle of the? frog which eeuitains several muscle spindles. When 
the whole muscle is stretched all tlie* endijigs eliscliarge avsynchronously and 
numerous irregular impulses are recorded in the nerve (Fig. 350, A). Sue'cessi ve 
])arts of the muscle are* t?ut off, till one spinelle* only is left; stretch of the 

^ Adrian, Basis of Sensation^ London, 1928; Physiol. 1930, /<?, 336. 
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muscle now gives rise to m slow n'giilnr series (^f impulses from the single 
ending (Fig- corjnincJe on the otlier hiind is siiflicieiitly 

large to be isolated and stimulated directly. 

(2) SPKOIFICITY OF }U:Sl*OXSK. PERIPHERAL An\\LVS1S. The 
(exe(*pt tliose for [)ain), because of tlieir specialized structure respond only 
when the apjvro]>riatt‘, specific stimulus is applied : other kimls of stimuli are 
ineffective., Thus the tactih' corpuscles or Pacinian corjuiscles r(\spond to 
d(dt)rmatr.;n ; the t(‘iulon organs to stretch ; the otolith organ to the pull 
of gravity ; the retina, to light ; the (‘ochlea to vibrations of th(' basement 
membrane set up by sound. The n‘cej)tors are thus jn'iiplu'ral (UKtli/sers 
which rt'spond to a sp<M*ific environmental change by generating nerve 
impulses. 

(3) "Repetitive Kesponse. Adaptation.—A s the skin ami muscle 


T—r r"" I I I I I I I r 



I'm. 1150. .Action (Currents set up Ly Streteli Hccc(>t()rs in .Mn.'^cle. 
/AOri/in aii<l Zotterinan, »/. J*/rf/siol.) 

RffonI of’afft’O-nt in in'rv»‘ from mUM-lr. 'j’iim*. ((-(n s«*('. 

Capilhiiy I'lccfionu tt r • 45»0). 

A. lotiirt miiscl*’, 'J. iz. Wfiizlit Num*’rou'< irroKulnr irnpiilsf '^. 

li, ili\ iijc.l till il < oiit.;i:!u d ii .•^imrl*' in rv«- rmliiij: ; 1 wri^ht 

Sliov p-::iil!tr r-tTif-'' (jf ifii{inl-'t >>. 


reee|>tors are in essence nothing but a])|)ropriately arranged free or enca])- 
siilated, non-myelinated nerve fibres, we must consider first the response 
of a nerve fibre to stimulation. If a constant stininlus in the form of a 
constant current is ap])]ied to a nerve fibre, a single irnf)iilse is set up at the 
moment the current is made (Fig. 351). The fibre immediately becomes 
refractory and then recovers to normal, but it does not respond again to the 
presence of tlui current which is passing through it, though the first ap])lication 
of this current proved an adecpiate stimulus. This phenomenon is described 
as ‘‘accommodation” (p. 41)1): i.e. tin* constant (airrent C(*as(‘s to he an 
(‘ffectivc stimnliis. 

Now hit us repeat this procedure with receptors, ie, the appropriate 
natural stimulus is applie/i and maintained. The receptor responds to a 
constant stimulus not with a single discharge hut with a repetitive burst 
of nerve impulses ; accommodation or adaptation as it is called in the case 
of the receptors, is not immediate. The duration of the burst varies greatly 
among the different receptors (P'ig. 351). 
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(i) In tlie (*.as(‘ of sirot-rli recejitors, ejj. tin* s})in(ll(‘s, ada.y)tation 

takes j)la(;<* very slowly ; the disehar^e eontiiiues for as lon<( as tlie muscle 
is str(‘t(jh(Ml, though the/myy/ewc?/ of the discJiarue tends to d(‘c,lin(‘. (cf. p. oS!)). 
Stretch r(!ceptors with practically identic-sil characteristics are found : (a) in 
the otolith organs (p. 598), {h) in the vaso-sensory zon(‘s (aortic arch and 
(airotid sinus, Kig. -179, j). 742), (c) in the. alveoli of the lungs (Fig. 2‘5I, 
p. dS7). The heliaviour of the receptors in tlie amjuilhe of the semicircular 
canals is discuss(‘d on ]>. 599. Str(*t(!h rece[>tors arc* also pn'sent in the hollow 
viscera, c.ff. stomach, int(*stine, and urinary l)la.dder (p. 770). 

(ii) In touch r(‘ce[)tors adaptation is rapid. Thus if a hair is Ixmt, impulses 
are set up only during tlie movement, but not after it has (reas(*d. although 
the hair is kept in the abnormal position. Similarly, if hairh\ss skin is toucht^d 
the discharge may only last for 0-2 second. 

(iii) The rate of adajitation in 
tcncpcraturc recejitors is inter- 
nu‘diate between that of muscular 
and tactile, receptors. 

(iv) J^tiH r<‘ceptors are con¬ 
sidered on j). 55.‘b Some ])ain 
n‘ceptor.s, c,(/. those in the 
cornea, sliow litth* ada]»ta,tion. 

Und('r natural conditions 
a(la})tation may be l(‘ss of an 
imjie.dinient than apjiears from 
controlh'd ex}ieriim*nts. The 
natural stimulus is usually of 
a more rorlfthir character, not 
alfecting e.xactly the same grouj> 0 12 3 4 5 b 

of receptors all tin* time; soim* SECONDS 

oHlit'ivc.-|)t,)rsitl till'.Stiniulatcd j,-,, „(• Aitiplation of Nerve 

area can thus recovc'r during Kndings. (Afin* A<lriari, of Senm- 

brief «piU‘S(a*nt jieriods (fret' Mills.) 

from stimulation) and rCSllorid ..f mrvrs is pn.porthmal tolm,m-nrv orrlisd.ay 

. ' ' . ol iMTvr tMulinii at various tinu-s afti-r applyjiuj the 

maxiinally again tlu‘ iie.xt time stinmiu.^. 
the stimulus affects tliem. 

(1) Effkct ok Stkk.noth (IxTENSJTV) OF STr.ui'Li’S. As the strength 
td stimulation is increased tlie fr(M|ueiicv oi the ilischarge rate rises trom 
low levels, e.fj. 5 JO jier second to maximal levels of dOO per second or higher. 
Thus in Fig. 352, jiressures of 250 g. and 500 g. applied to the cat s toe-pad, 
produced peak discharge rates of about 250 .and -KX) jier sticond resp(*ctively. 
A stimulus wliieh iiicrtaises slowly in intensity produces a lower peak dis- 
(diarge rate tlian a, stimulus that rises very rapidly to the saim; maximum 
(Fig. 353). In all receptors, intensity of stimulation is translated into impulse 
frecpjeiicy, i.e. the numbers of imjuilses yier second transmitted along the 
related atlerent hbre. 

(5) Effkct of Extknt of Stimi;l.\tion. - An extensive stimulus activates 
more receptors and coiiscctueiitly impulses pass back along a larger nuruber 
of nerve fibres. (Similarly, increasing the strength of stimulation which is 
applied to a nerve trunk brings into action more nerve fibres.) 

(6) Action Potential.—T he action potential (and presumably the 
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associated nervous impulse) vari(*s with the tliamcter and ty|)c of conductinf^ 
afferent tihre, l)ut not with t lie nature of the re<?eptor. The t|ua.litv (modakty) 
of a sensa tion (e.y, whet Inn- it is touch, heat , cold) tlius in no way depends on 
the characteristics of the impulse in the afferent Jierv(‘s. 

(7) The factors concerned in deterininin^ the localization and qualify of 
the sensation are discussed on }). oTt). 

Temperature.—A suhsiance which has the same temperature as the 
skin produces no sensation of temperature. VVlien a suitably warmed 
instrument is passc'd over the skin vivid appreciation of warmtli occurs at 
certain points ; tln^se are the “ warm " or “ hot ” spots : similarly, “ cold ” 
spots may he mapped out. The two types of spot do ncd coiiudde with 



Fifi. Relation of Strcn«!;1h <>f Stiinnlus .md 

rrsiihinj^ «»!' Atfercnl Jm|)iils<*s. 

(MoUitied from A<lrian, Tiff-sis of Sfotsafion.) 

Siiiiiiiliis A': Wfi^hl of a. :ip|ilird to r.ars tor'pail. 

iiia\irii;d t'napiriM'y ( \ ) is -’lO p<‘r st r. 
Stiiiiiilii'- IC ; ui'itrhf of :»oo ", INsnlfi/ii; iiiAximal fn-- 
ijuenry (Jl) 40M prr .s<‘C. 

Not*- r.'ipiii adaptation in botli l■a:^<^s us {ttiiiuilui* is inuiii' 
tainrd. 


each other and they do not respojid to meclianical or electrical stimulation. 
The cold *’ sjiots an; far more numerous than the " warm " spots. They are 
mostly found on the chest, nipjiles, nose, anterior surface, of the arms and 
forearm and on the abdomen. They arc* le.ss numerous in exfmsod parts such 
as the face, hands, and mucous membranes. 

The temperature recejjtors show a special tyjie of adaptation which is 
demonstrated by the three ba.sins experiment. One hand is plunged into 
hot water and the other into cold water for a few moments : both are then 
placed in a basin of tepid water. The former givfis rise to a sensation of cold, 
the latter to one of w^armth. 

Touch.—This sensation is studied by means of Frey\s hairs, which are 
made of varying cross-section ; when bent they exert a pressure which 
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varies directly with th(‘ir tliickness. The touch spots hear no r(‘Ifitio!i to 
the teruperatun* spots. ^Fhe adequate siiuiulus for touch .s|)ots is dcTorniation 
ol the skin by pullinjr or pushing ; uniform pressure [c.f]. dipping the fing(ir 
into a beaker ot mercury) is ineffective. Touch spots a.r(‘ most numerous 
on th(i finger-tips, and very spars(‘ on the shoulders and the shins. The most 
sensitive areas ot the laxly are the tongue, nose, lips, and finger-tips. 1’he 
touch spots adayit rapidly *, thus tlie continual stimulus of clothing is not 
appreciated, because adaptation soon takes place (see p. b.oO). ^Phe hair 
folludes have a rich sensory innervation. A slight touch to the hair acts 
in the same way as a stimulus aj)y»lied to the long arm of a lever-—the short 
arm of the lev(*r being the root of the hair, which is inside the skin. The 
stimulus is thus inultij)lh‘d about fivefold during transrnisKion through the 



Flo. -HclatioiiKliip Iw^twoen IJatf ot Stn-kh of Muscle* ami Frc(jiiCMcv of Impulacs 

s«?t, up ill Rfccpiors. (Modilicd fnuii Adrian, liu-sis of Sfinm/ion.) 

Vertical Axis Ahnrf : W<‘i>iiit, at.ta(>lii>(l to inusrlr to prodiirc stn-lcii and stinmlatr ifccuiors. Hehtu': 
I’nwjiicncv ol atlVrrid m rvi- iin|mlsis ih t si-r. set up t»y stivtoliiusi iiinsclc and rei ordrd in dist.al 
«M»d of <rut riiusrlf lu rvc. 

Jii A', tin- stretch reacln-d iiiaxiMiuiii in le-^s than I mt. . in IT the saiin iiiaxiiiiiiiu stretch was attained 
after <> see. Note that the inaxiiiial Irequenry of the nerve impulses (A) in n-sponse to A' is over 
100 jier si-e. (Hiinpiired with 40 p<-r see. do in response lo |J', 

hair. Consequently, shaving the skin considerably diminishes its sensibility. 
The smisatioii of lujlit tiupcrjicial pressure probably also deqtends on the 
response to touch recejitors. 

Pain Sensibility. - (1) Si’koifjo Qualitv of Pain. There is evidence to 
show that pain is a specific quality (modality) of sensation and does not 
mereJy re[)resent the r(*sull of excessive stimulation of any kiiul of rt'ceptor. 

(1) When some tissnos, c.//. the cornea, are siimulalcxl they tuily give rise 
to pain ; the only nerve endings in tin* cornea are naked fibres that pass 
between tlie epithelial cells. 

(ii) When an iiiterrujitt'd jet of air is ai)pli(*d to the skin it may cause an 
impulse discharge at a fre<|uency as high as 3(X) per S(>C()iid, but the animal, 
judged by its behaviour, experiences no pain. 

(2) Stimulus fou Pain. -Unlike the specialized receptors, pain 
endings can be stimulated by a wide range of stimuli which only have in 

i8* 
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common the proi)erty of dammiing tissues, i.e. they are nocnious, harmful 
stimuli. Tims excessive heal or cold, excessi\e stn‘tch or tension, many 
chemical agents (products of ischaemia, aci<l, alkali, hypertonic solutions), 
electric currents,scratching, or cutting may produce pain. It is possible that the 
effective stimulus to the pain endings is some chemical agent 7 (dt*ased l>y injuryd 
(3) Fjbke Types Involved. —Nocuous stimulation sets up a prolonged 
(discharge of impulses, with little sign of adaj>tation, conduet(;d in two kinds 
of fibres ; (a) very tine n on-tneduHated C fibre s ; tin* action potentials in 
these fibres ar<‘, characteristically, of low voltage [ind liav(^ slow time ndations ; 
j (6) thill medullated A fibres of larger diameter than the (’ fibres. The notion 
of a (loubJe ])eripheral pain })ath is supj>orted l)y the following evidence : 

| (i) If a hot body at a temperature of (iO fif)^ (\ is aj)pli(*d to tla^ skin 
for 0-3 sec., a double }>ain is felt; there is a. “ former and a latter **' 
})ain, generally called tin* ‘‘ fast and “ slow jiain, which an* separated 



Fk!. .‘J54.—Stimulation of Pain Aff«*reiits in Dorsal 
Nerve J^oot.s ]»ro(liiee.s Reilcx Itise of Blood 
Pressure and Dilatation (d Pupil. (Calmn and 
VVriglit, J. Physiol., 11)17, 100, I.) 

Itcccirds from above tlovviiwants : 

Pupil (liyuieter: -rou'lrirted: 1 dllabMl ; arterial bloo«l 

Ijrcssure in mm. IPz ; dmial lim*; time in 10 see;. 

Apply solutions dinsdly to ex|»osrd liiinbar dorsal nervt* root. 

Isotoiiir (()•'.♦%) Xu(Jl, no elLM-.t, Jnotoiiie KCl stimnlaOs 

pain affen-nts ; as a n-sult tbon* is a irJlrx risr ol blooil 
pressure and dilatation of pupil. 

by a distiiKjt interval ; this obsf^rvation suggests the ]>resence of two kinds 
of j>ain fibres with different rates of conduction. In conformity with this 
view the interval betw<;en the “ fa.st ” and the slow pain is longer if the 
stimulus is ajiplied to the foot and shorter if it is applied to the hand. 

(ii) In the injury to the dor.sal nerve roots whicli occurs in tabes (p. b(>l), 
“ fast ” yjaiii may be lost and <jnly the slow ’’ c<mipom?nt persists, presumably 
because the disease abolishe.s conduction in the thicker fibres first. Tlu^ 
time interval betwcfin the af)plication of a stimulus to tlie knee, and the. 
r(‘sulting .sensation of “ slow ” pain is about 1 sec. ; it is about 2 sees, when 
the foot is stimulated. Th(*. differemre in time, correspouds to a conduction 
rate in the nerve's involved of under 0*5 metre j)er sec. {i.(\ that of C fibre.s).2 

(iii) Local ap})lica.tion of ])rocaine ]»aralyses the finest nerve fibres first and 
the thickest last; asphyxia (iiiduce^d by applying a cuff inflated to above 
systolic jiressure to the, arm) blocks conduction (und(T the. cuff) in the thickest 

^ The pain .son.se attache.s to a tisHuo a .speoifio senHC of it.s own injurie.s.” 

It should bo ])ointod out, liowevcr, that the latency in some cases may bo as long 
as 20 secs. ! 
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fibres first and in tln^ tl‘inri(’.st last. As niij^ht l)<‘ expfKitod, n rocaine abolishe s 
slfLw I Klin fus t, wliil e asulivxia iibolislies '' last '' pain firs t. 

(iv) Tlui non-inediiHated and fine niedullated fibr(*s in the dorsal nerve 
roots constitute the h]|t<>riLLdivisiinn of t.lw^ rrwit.; they flu* sulistant ia 

apPY f he dorsal tirev hornb wiif>ro thf>y i^rwl Stinmljition 
of the dorsal root produces refh‘xly a.n in(jr(*ase, in th(^ rate of the lien/rt, 
a rise of blood yiressure .‘iol) and increased resj)iration, /.r. th(‘ (diaii^i^s 

whi(di are fijenerally associat«‘«l witli nocuous stimulation ; these ntlex 
reactions disafipear if the lateral division of the root is si^venui. 

(1) CoMPLKX T/MN. The spe(dlic stimuli for certain recej)tors, wlnui 
intense, may stimulate adjacent fiain fibres ; thus excessive? h(?at, cold, or 
pressure arouses jiain as well as tlie specific sensation. Similarly if the 
skin is stroked vigorously with a wooden pin. tlien? is initially a res|)onse 
from the rec(^})tors for touch and light pn‘ssun‘ : when a sensation of burning 
pain d(?ve.lops, impulses can be (hunonstrated travelling in i' pain fibres. 
A coni])lex sensation can thus be s(‘t. up by natural stimuli as diirerent groups 
of receptors are stimulated simultane<ni.sly or succtvssively ; the exact 
character of the sensation will d«*j>end <m the variety of rec(*ptors stimulat(‘d. 

(5) Afkkcttvk CoMi’ONFNT OF rAiN'.—Paiii not only rejuesents a special 
([uality (modality) of sensation, but it is (diaractmized by a- large, (‘motional 
(affective) accom]uiniinent : ])ain is always unpleasant, and may become 
intolerable. By contrast, some kinds of st'iisation are almost deveuJ of alfect, 
c.//. musch' sense ; moderate t(?mp(‘ra.ture may be a.ssociat(‘d with a j>leasurabl(? 
affect ; touch may be associated with ev(‘rv degrei; of aff(‘ct, according to 
what is being touched (and by whom). 

((>) Localization' of pain and referred itaia are consi(h'r(‘<l on pp. 571, 75b 
(Isi.dnemic pain is discussed on p. 750, visceral pain on pp. 75*2 ef serf. 

(7) Pkei’otkncu^ of Bkflkx Effects puodoced nv Nociceptive Lm- 

PULSES..Impulscis set up by nocuous stimuli, in addition to arousing the 

sensation of ])ain, also set uj) widespread refler ciTecAii, even in sy)inal animals in 
which, of course, ])ain sensation is non-existent. It is (;onvenient to call nerve 
impulses set uj) by nocuous stimuli, noeicepftve im[»ulses ; ‘‘ what irom the 
point of view of s(*nsation are ])ain nerves, are from the ])oint of view of reflex 
reactions conveniently termed nocice|)tive n(?rves. Nocice])tiv(? impulses 
produce wides[)r(;ad reflex reactions ; e.ff, a needle prick to the sole of the 
foot in the spinal animal j)roduces the flexion reflc.x ; stimulation ot nocice|)- 
tive nerves in the dorsal n(?rv(*. roots sets u|) marked reflex changtis in circulation 
and respiral,ion (supra). Nociceptivt? impulses from viscera })roduce reflex 
contracti(m of muscl(‘s and alterations in glandular s(‘cr(‘tion and in vaso¬ 
motor toiK?. Wh(?n there is competition between reflexc'S, those which are 
set up bv nociceptive impulses “ as a rule dominate with |){‘culiar certainty 
and facility,’' I.e. tliev are prepotent r(*ll(*xes. Thus when reflex com})etition 
is taking place, the nociccj^tive flexor reflex overcom(‘s the pro]>rioceptive 
extensor thrust reflex or the pn^prioceptivc r(*flex which is resj)onsible for 
(tuadrice[)s tone in (l(‘C(‘rebrate rigidity.^ 

^ Sexual retle.xes (not less important to the .species than the noeieej)tive, and like the 
latter also associated in the intact animal with an intense alTeet) also show a liigh degree 
of prepotenco. Thus the clasp reflex of the male frog, which is set up by the femalo coming 
in contact with the skin in the sternal and adjacent region, cannot be inhibited by severe 
mutilation of the limbs or of internal organs, or by strong stimulation ot the 8(?iatic nerve; 
if is, however, sometimes dc^pressed by strong nocuous stimulation of the sternal skin. 
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Conduction of Afferent Impulses in the Peripheral Nerves.* - The 

all'enMit impulses in t-lui jKM*i[»L(‘ral nerves are eondueied jiarlly in (sn railed) 
motor nerves and jjartly in ciitimeoiis sensory nerves. 

(i) The lonner (jonvey iin|)nlses from the deep structures, such as the 
muscles, tendons, lipiments, periosRmm, and joints. The so-called " ujiotor ” 
nerve to a iiiuseh* is really a mixed eflerent and aflerent nerv(i ; 4()7o <d the 
V fibres in a ** motor ' nerve are ailerent and liave their ceil bodies in tbe dorsal 
I root ganpdia. Thest* dei'p afierents eoniieet with cells in the spinal cord, 
brain stmn. cerebellum, and (uu-ebriim and rellexly modily posture aud 
inoveiiients. Some <d‘ tlu'se fibres aftcu* relaying, ultimately re.ach tlie f>ost- 
ceiitral cortex where the impulses give ris(‘ to several kinds of se.nsation, e.f/. 
deep pressure, sense of j)osition, sense (d* jaissive and activ(‘. moveiiumt and 
vibration sense iii bone (these .sensations are nderred to <;oll(‘('tiv(‘ly as {/(rp 
sensibilit'i/). 

(li) Tile eutaiu'ous nerves convey im])uls(‘s which, (r/) ju-odiice rellex 
effects and (^y) on reaching t he cerebral cortex give ris(* to sensations of ttuicli, 
heat, cold, and pain {rutattfut^s ,sc//.v//>///7//). 

Effects of Cutaneous Nerve Section.*^ hiMKiuATK Effkcj’s. Jn 
Head s classical ex])(^riinents, ti^e radial aud external culaiieous nerves were 
exposed in the neighbourhood of the elbow and small portions wen* excused ; 
tile cut ends were at once united to facilitate regtuieraliou of the tibres. All 
forms of cutaneous, /,<?. saperjicial tienaibilily were abiilislunl over the radial 
bait of tbe forearm and the back of the hand. J)tM‘p seiisilMlity, how<*ver, was 
retained as it is mediated by afferent fibres in the motor nerves. J )eej) j)ressu.re 
was recognized. Exiujssive ]iressure gave rise l.o aching j>a,in. TTiore was 
awareness of the ]K)silion and of movements of t he ]>art. 

Recovery of Skin Sensibility, (i) Anatomical C'onsidkkations. - 
Tbe bi.stc)logicai changes of degeneration and regemu'ation following m*rve 
section are d{*scribed on p. ; broader anatomical factors must now be 
di.scu.ssed. Under ideal (•.onditions each sjirouting cimtral axon would grow 
down its old neurilemnial sheath to its own tyfje of rece])tor in its original 
locality. Sucii perf<‘ct anatomical recuAurry never takes phnu* even when the. 
two cut mids of the nerve are carefullv stitched together immediateiv a,ft«*r 
th e section, because it is eortaiii that, the two cut ends of unif one fibre will 
never’* be j)laeed in a.])position ; mmdi better anatomical rej>air may occur, for 
ofyv’ioiis reasons, when a nerve is crushed and not cut. When tlie two ends of 
a out nerve an; separated by a gap, many of tin; spn>uting cmitral axons get 
lost, never reach tlic; ])eriplieral sheaths, aud so uevrr function. Such fibres 
as do reacJi the distal end (d the n(‘rve will mak<‘ om^ or mru’e e-rrors iu tin; 
connections they establish. 

(i) They may connect up with a re.cej)tor which is of tiu'ir own type- but 
wliicdi lies in a diffenml n‘gion of the skin, ejp a touch fibre originally snp])lviiig 
the base of the tJiumb may connect with a recef)tor .'it the tip of the thumb. 

(ii) Iboy may coniujcfc with a different type of reecjptor, e.y. a touch fibre 
may connect with a temj)erature- receptor. 

(iii) Mistakes (i) and (ii) will often be combined. 

^ VValshe, Brain, 1<J42, CJ, 48 -112. 

- If a mixiTi nerve wliieb .supplies museles as well as skin is cut, tliore is in addition 
|)aralysis of the correspfjndirig muscles of tlu; 1 ow(t moUa- neurone t-ype (ef. p. oOo) and 
loss of deep sensibility. 

® “ What, never ? Well, hardly ever.” 
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(iv) A fihro of largo dijirriotor may enter the neurilommal sLoatfi of a small 
rlianiotor filiro and so }»<* iinahlo U) attain its nmanal diamet-er ; when con> 
noctions are ro-(‘sta})lished the fibre will eondii(*t at. the lower velocity 
chara.cteristic of the new diameter. 

(v) The new fibres in neurilemmal Inbes of ;iny size incre;i,s(‘ iji dianjet<*r 
verv slowly, so that even months after tin; onset of regtmeratioTi none, of t-h<* 
large fast (’.ondiicting fibn;s liave yet appeared ; the fiinrjtional ]»rop(*rties of 
the m*rv(^ an‘ conseipieiitlv modified. 

(vi) The rate of re-establisliment of periplanal coimections depends on 
tile length of tln‘. route to be traversed and on tlie: dilliciilti(\s eneounten^d, 
<‘sp(M*ialIy those iriet while e-rossing the original gap. 

(2) Ki'N(’ti()nal Rkstl’I’S of Imi»krkk(T[o\s of Ueokneration. Func- 
tionul recovery is likt'wise imperfect. 

(i) If iiiaiiy skin nMjeptc>rs fail to <‘.stablish central connections, skin 
sensitivity is generally depressed and areas of atnest h(*sia. may Ixi ])rt\seut. 

(ii) '^riie abilit y to localize a stitnuliisisiinpainMl when ahnorrnal connections 
an‘ esta,bIish<Ml betweem the peripln^ry and the c<*rebral cortex. Thus, supj)()se 
that jioiiit a at the ba,S(? (d’ the thuml) was connected originally with a,r(?a. A 
in tlie serusorv cortex ; “ ex])erienc-e has " taught us that cortic^al activity 
at A r(‘})n*sents stimulation of point a. If new j)eriph(‘Tal connections are 
establish(‘d, cortical area A may become coniu'cted with, say, point h at the 
t i|) (»f t he. thumb. \ stimulus at It will then be interpretcxl centrally as coming 
from a, ?.c. then* will lx* false lo(‘alization whicli can only l>e ov(*rcome, if at 
all, by prolongc.d juaedice (cf. p. 755). Or again, cortical touch area A may 
become comiected wit h a skin tt3mjxiraturc receptor ; 1(*m]>erature stimuli 
will conse(|uent ly not be n*cognized at all or be misinterpreted as touch 
stimuli. 

(iii) Hf*cans(‘ of tin* altered pattern of lilire dhin)etor, the impulses which 
reach the cortex may also umh^rgo mfxlification in other ways. ejj. in velocity 
or in the characler of tlie action potential. 

Tli(‘ inter})retatio?i of the (jiiality, intensity, and hx^ality of a stimulus 
(h^pends on the ]x.*rfect action of the whole aftV*n*nt system from ]X‘ri])hejy to 
cortex (as fully di.scuss(‘d on j». 570). The facts s«‘t out above exfdain why 
physiological recovery is always to some extent iinp(*rfect. R(‘turn of fmiction 
takes a long time ; the initial jdiases of recov(‘rv are associated wdth the 
r(‘turn of tin? ernder asjiects of sensation, witli false localizatioii, and false 
a pj)reciation of quality and intensity ; a(a*urate sensation returns very slowly, 
partially or at best m)t quite* completely. 

(il) Hecoveky i.n the Head Type t)F Exj’Ektmext. In Head’s <»x]x>ri- 
ment, in \vhi(?h the ana tomical (X)riditioiis were almost ideal, recovery occurred 
in tw'o fairly well defined stages. The first ])hase of erude recovery (proto- 
paihic sensibility) Ix^gan after ^ >Ye<'ks and was maximal in 30 weeks. The 
returjiing sensation was punctate, being limitixl to some pain spots, hot spots, 
and cold spots, the inttnvening areas of skin being insensitive. The findings 
at this stage are as follows : 

(i) Pam, —A pin-])rick cannot be located ac^curately, and the pain radiates 

widely and is not infrequently referred to some part at a distance from the 
point actually stimulated. A stronger pain stimulus than normal must be 
applied before it can be appreciated—in other words, the threshold for pain 
is high. The reaction excited is excessive and “ sickly ** in character; the 



558 


DORSAL NERVE ROOTS 


stimulus gives rise to greater pain on the affected side than does a like 
stimulus on the normal side. first return of ])ain is associated anatoniically 
with the growth t»f a i'cw isolated pain fihrils into tlie cutaneous nerve plexuses. 
As might Ix' ex])ect;ed, d(H*p pri«*k's (2 3 nun. d(*ef>) may arouse pain in areas 
wliich art* still aiia-sthetic to lighter and more superlicial pricks. 

(ii) Temperature. A sensation of cold is |)rodu(;od hy ternporatiires below 
24° C.; similarly, a sensation of heat results from temperatures above that 
of the body—the lower limit being between 38° and 45° C. It is impossible 
to recognize any temperature quality between 24° and 38° C. Thus extremes 
of temperature are recognized as “ cold ” or “ hot ” respectively, while 
intermediate grades give rise to no sensation of temperature whatever. 

(iii) During tliis period troj)hic. chaTigcs in the skin, whhdi may have 
resulted from unaj)preciat<xl cuts and burns, begin to recov(*r rapidly. Normal 
growth of the part is also rcstor(*d. 

During the next year or longer, the finer and more discriminative aspects 
of sensibility (epicritic sensihilitff) return. Intermediate grades temperature 
can now be r(?cognized. Tactile hcultzalion —the ability to recognize the 
exact spot touched—is restored. Tactile discrimination returns: two 
compass-points appli(*d close together are n^cognized as two distinct j)oints. 
Light touch, e.g. the application of cotton wool, is now appreciated. Abnormal 
radiation ceases, and the quality of the sensation becomes normal in character. 

The two stages describ(*d by Head oft(‘n overla[) a varying (*xt(*nt; 
functional recovery is le.ss satisffictory in most i)atients with nerve injuri(*s 
than in liis ca.se.^ 


Dorsal Nerve Roots.- - All the afferent impulses from the {>erip]p«tT , 
• (including the viscera (p. 735)7 1 xiss in to tlie dorsal > 00 /.v and ent'er tin* 

t sjnnal co rd. The metlullaied \ libres in tlie dorsal roots vary in diameter* 
from l-2TT/f ; in addition, tliere arg numerous non-medullafed C tihres present, 
constituting about 40% of tlie total number. The dor.sal roots also contain 
vasodilator (prob.'ibly (.•) fibres {p. 308). 

Skin Distktbutjon of tijk Dorsal Roots. Dkkmatomks. Tin^ skin 


area su])plied by a dorsal nervi* root (dermatome) cannot bfi ma])p(*d out 
sinifdy by determining the extent of the ana*stlietic zone resulting from 
section of the j)articular l oot, owing to the (jxt(*nsive degree of overlap betw'een 
adjacent dorsal roots. Tlic^ methods whi(;h have be.en (unployed in man are : 

(i) Cut three dorsal roots (in o])erations carried out for the relief of 
intractable pain) above, and three below the root investigated and det(*.rinine 
t ie area of residual seusibiliUj ; this area gives the full (*xteiit of the intact 
dermatome. 


(ii) Stimulate the perijilieral end of the cut dorsal root (exposcxl at ojieration) 
andmap out the area of resulting cutaneous vasodilatation, or inarkout the area 
oflierpetic eruption in [xithological irritation of the dor.sal root ganglia, (p. 309). 
. Afferent Paths in the Spinal Cord. -1. Cutaneous Sexsibility. - The 
fibres subserving skin pain, tenijieratun;, and a part of those for toiicJi end 


^ a motor tutvc is out, similar anatomical and jihysiological <liftioulti(‘s arise. 

.Motor fibres may grow to now muscle fibres in the .same or in another muscle, or may 
form atta<;hinerits t o simsory emJings. Jleep sensibility may be irnfiaired and the skill of 
muscle movements is r(?duced. When a 7nixed nerve is cut, furtlier coriij^lications may 
occur, as motor fibres may grow to the .skin, and skin fibres to muscles. 

* The law of Bcll-Magendie states that the dorsal roots c(int.ain exclusively afferent 
and the ventral roots exclusively efferent fibres. 
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round the cells of the dorsal horn of grey matter. The fibres which arise here 
cross to the ventro-lateral columns of white matter of the of)posite sifle to 
constitute th(^ spinothalamic tract (Fig. ^i55). This tract consists of two 
divisions : a lateral one, carrying pain and temperature fibres, and a ventral 
one carrying touch fibres. The- s])inothalamic tract also (jontains : pain 
fibres from muscles and related structures, and viscera ; fibres subserving 
sexual and liladder .seusatioiis fibres subserving tickle, itch, ahd rnijiscular 
fatigue. Some of tln^ fibnis for touch as explained lielow, pass into the dorsal 
columns of the same sichi (cf. ]>. 560). 

The crossing of the spinothalamic fibres tak(‘s f)lace u'ound the ccrntral 
<’Md^4LoX the spinal cord^.in„.the grey comniissoie. In tlic lower levels of the 
s])inal cord tliese fibres cross transversely in tlu* segimmi from which they 
arise. In the higher h‘vels of the. cord this crossing b(‘cumes increasingly 
oblique. Thus, in tin* tlmracic r(‘gion, it (ie(*uj)ies Iwo or three segmentsj 
and in the cervical region fou rpr five segments, f At all levels tin* fibres for 
pain cross most traiisverstTy, those for touch most obliqudv, while those 
for t(*mperature occujiy an intermediate position (cf. ]>. 696). 

2. Deep Sensibility. —The fibres which carry impulses from the deep 
structures end in three ways : 

(1) Some end round Clarke's column of cells at th(‘ base of the dorsal 
horn, chiefly in the thqraciic and up 2 )er lumbar regions. From this column 
the dorsal spinocerclxdlar tract and the veid-ral spin()C(n*ebellar tract arise. 
These two tracts c.onv(‘y Impulses from tin* jiipscles, tendons, and joints to 
the c(;rcbe.lluni ; these impulses do not give rise to conscious sensations. 
The effecjt of an injury to these* cend)ella.r tracts^is to maim ” the cerebellum ; 
Sinless the cerebellum continually n‘ceives impuls<^s from the deej) strucjtures 
it. cannot carry out its functions of maintaining ppsture and co-ordinating the 
activities of muscles. We therefore find that injuries to the ascending cere¬ 
bellar tracts produce symptoms of cerebellar dis(‘as(‘. such as ataxy or atonia. 
(These are described more fully on [)p. ()0^< el seq.) 

(2) Some end in the sjpinal grey matter or pass up to the brain stem 
nuclei (e.g. vestibular or reticular nuclei, red pucleus) and are concerned with 
reflex posture (tone) and reflex inovernents. 

(3) The other fibres from the deep structures pass up directly in the dorsal 
columns of the spinal cord. In tin* cervical region the dorsal columns are. 
divid(‘.d liy a septum into the nuidial column, the f uniculus gracilis or tract oj 
(toll, and a lateral column, tha funiculus cuiieatus or tract of Burdach. 

(i) The f uniculus gracilis arises from ganglion cells of dorsal nerve roots 
supplying the lower half of the body and therefore carries impulses from the 
low(*T limb and the lower half of the trunk. Every fibre as it enters the dorsal 
columns of the. cord comes to lie close to the medial sidii of the dorsal horn. 
As it ascends the cord it is gradually displaced medially by fibres which enter 
at higher levels. The funiculus gracilis in the lumbar region thus lies close 
to the medial side of tlie dorsal horn ; as it ascends it passes medially, and in 
the cervical region it occupies the medial column of wliite matter. The tract 
ends in the nucleus gracilis in llu:.-inedulla. 

(ii) funiculus cuueatus arises from ganglion cells of dorsal nerve roots 
supplying the upper limb and upper half of the trunk. It occupies the lateral 
part of the dorsal column of white matter, and ends in the nucleus cuneatus in 
the medulla. 
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A further relay of fibres from these medullary riiichu passes to the thalamus 
and thence to the sensory cortex. There the impulses give rise to sensations 
' about the po,sif'ion of the limbs in space, and the direction and extent of 
nurvements whether ])assive or active. Injury to th<^ dorsal columns results 
in loss of c ynseious sensation from tho fhH>p nrid 

mgywpwits (for details see |». b^il p. 5fi2 (C). 

The dorsal columns n-lso contain louch fibres from the sanu* side of tin*, 
body ; these touch fibres do not relay in the s[»inal cord luit travel up the 
oiorsal columns to end in the gracile an<l euneate nuclei in the medulla oblon¬ 
gata (t'ig. rhL)r>). 

Sensory Disturbances in Diseases of the Spinal Cord, (i) Svrinoo- 
MYKLiA is a condition of excessive overgrowtli of neuroglial tissue, aecorn- 
})anied lyv cavity formation involving tin* gn'V Tiiatter round the. ramtral 
canal of the spinal cord. The cro.ssing fibres sifbserving pain and t<‘niperature, 
which decussate? in the grey commissure, are danuiged. with resulting loss 
of these sensations. The touch fibres which cross in this region are likewise 
destroyed, but toiudi has a doul)](' path ; the fibri‘s whicli ascend in the 
dorsal columns escaya*. We I hus obtain the cliaracteristic dissoriaff'd amrstheHin 
of this diseas(‘, /.c. tliere is loss of fiain and lemyKuature stmsibility, while the 
sense of touch is retained. 

lliTViatowyelin is a condition in whicli a haunorrliage suddenly destroys 
the same region of the cord as in syringomyelia : similar sensory findings 
are found. 'Fhe sanu* changes are found in infnuncdfdiary tumours of the 
cord. 

The nutritional or frojdnr change's in skin and l>on(‘ in syringomyelia 
may be due to loss of tlie protective jiain and temyierature sensations. Any 
part that is injured fails to receive care and attention because no f)ain is felt; 
suppurating whitlows and necrosis of bone are common. 

(ii) In 8i.-B.A(n;TE Comhixed Dkcjkneu.vtiox of the cord (associated with 
jiernicious anaunia (p. l‘.)7)) the dorml volawns are. oft(*n affected early, with 
consequent loss of so-(ralled coii.scious muscle, sense. 

(iii) In Hemisectiox oe the CVmi> by injury or liy comjiression from 
extramedullary growth, dorsal column s(*nsibility is lost on the same side 
as the lesion ; jiain and temjjerature sensf*. are lost and touch is blunted fui 
the opposite side (cf. ]). ribf)). 

Section of Dorsal Nerve Roots. Section of the dorsal nerve roots 
produces the following results in the. (^orresyionding segments of the body : ^ 

(i) Loss of all forms of sensation—j)ain, temperature, touch, muscle and 
visceral sensibility ; trojihic changes ai)pear. 

(ii) Loss of all reflexes superficial and deep ; loss of muscle tone. 

(iii) Great clumsiness in the movement of the part, which makes its use 
almost impossilile. This disturbance develops because all jairts of the central 
nervous system —thc' cerebral cort(?x and the centres concerned with the 
reflex control of j)osture— are d(q)rived of afferent impulses from the muscles. 
The motor inij)Hirment is w(;ll shown by (romyniring a cat in which all the 
dorsal nerve roots to tlie fore limbs ar<.‘ cut with another in which tb(j skin 
alone is denervated. The second animal can readily walk up an inclined 
ladder, while the former can never reach the top and usually falls ofif the ladder, 

1 For fuller d^^tailH of results of cliitical injuries to the? dorsal nerve roots, see tho 
discussion of tabes (p. .561). 
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and has to watch the rungs very carefully all the time. If, in a monkey, the 
dorsal nerve root supjdy to a limb is severed, it e(‘as(‘s to be used altog(^the^ 
even when the animal is in grave danger. 

Tabes Dorsalis.- -The essential lesion in this comnum disease is a degen- 
erati.QI^ of. the dorsa l nerve roots central to their ganglia, affecting especially 
the fibres which ascend in the dorsal coluniiis (?>. those concerned with d^ep 
sensibilily) and those which subserve* pain. 

I’he clinical manifestations illustrate well the effets oY partial destruction 
of dorsal nerve roots, and amplify the brief summary given in the preceding 
section. The resulti/ig phenorrMUia are subjective and objective : 

1. SnuKCTiVK 1*HKN()MK.\A. Liffhtruny pams : these come in attacks, 
with intervals of fr(*.edom. TIh‘ first effecd. of the dis(‘ase seems to be to 
stimulate pain fiJ»ros in the dorsal nerve roots. The pain may be referred to 
skin, muscle, or hone, and may vary in infensity from slight discomfort to 
intolerable agony. 

2. OjiJECTiVK FiNDiNOS. - The fibres conveying pain imf)u]ses and those 
from the df^ep titructures are affected first and to the greatest extent. 

(1) Pain Sensibility.- Pain sensibility may be lost, its appreciation i? 
delayed (p. 554), or it Jiiay be inaccurately localized. As in syringomyelia, 
loss of pain sensibility may be responsil>le for trophic disturljanccs. The 
perforating ulcers found under tljc ball of the foot may arise from the neglect 
of a corn. 

As the dorsal roots mainly affected in tabes are those wliicli supply 
the lumbo-sacral and the cervkio-thoraeic n‘.gions of the cord, tlie common 
areas of anaesthesia are jound the anus, over the legs, upper chest, and the 
ulnar l>orders of the hands. The involvement of the lifth nerve acjcounts 
for the aiiajsthesia of the central part of the fa(je. 

The joint deformity known as the Charcot joint may be produced thus : 
an injury is inflicted on a joint, or a mild sprain or sul)luxation may occur ; 
as no pain is aroused, the condition is neglected, receives no effective treat¬ 
ment, and becomes ])rogre.ssively worse until considerable damage to the 
articular surfaces of the bones results. 

(2) Deep sensibility. —As the ^ib^^s that ascend the dorsal columns are 
damaged tliere is loss of sense of positi on, pas sive mov ement, and vibration 
sense in bone. 

(i) Loss of sense of position : with the eyes closed the patient is unaware 
of the (?xact. position of the various parts of his body. 

(ii) Loss of sense of passive movement : while the eyes are closed, the 
great toe, for example, may be flexed or extended without the patient’s 
knowledge of the alteration of position imposed on the toe. 

(iii) Loss of vibration sense in hone : after striking a tuning-fork, the 
handle is placed on some bony prominence. Normally, a sensation is felt 
which is varyingly described as a “ buzzing ” or “ electrical ” sensation. 
When dorsal column sensibility is lost, the patient states that he merely 
feels a cold object in contact with his skin. 

(3) Reflexes. -Muscle tone dej»endson impulses ^vhich enter via the dorsal 
nerve roots from the corresponding muscles (p. 582). As these impulses are not 
received, loss of tone (atonia) or diminished tone (hypotonia) results. The 
muscles are flabby ; the limbs can be placed in unnatural positions, and 
excessive movement is permitted at the joints without producing discomfort. 
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The deef reflexes (j). ()1 i) (e.g. knee-jerk, ankle-jerk) which depend on the 
integrity of “ stretch alferents ” in the dorsal nerv<‘ roots, are also lost. 

(4) Voluntary Mox'cment. —There is considerable disturbance of voluntary 
movement, illustrating the important general principle that the indispensable 
basis of all purposeful and elVeetive motor ac^tivity is accurate information. 
Normal jxu-sons carry out many movements witliout the aid of the visual 
sense, Ixnng guided |>artly by tlie impressions wlii(di reach the sensory cortex 
via the dorsal columns, and partly by pro})riot;i*])tive impulses which do not 
attain consciousness but end in the spinal cord, brain stem, and cerebellum 
to control posture and indirectly to guide voluntary movement (p. GOf)). 
Many movements, e.g. walking, can normally be carried out with a minimum 
of atttuition. When the afferent impulses from muscles are cut off, the gait 
becomes clumsy ; the patient walks with bis legs apart to help coinj)ensate 
for his ataxy. Every phase of each limb movement is overdone, because 
the normal afferent imj)ulses which would check the movement are not 
received. The feet are raised too high and stamped down too forcibly 
stamping gait. The Jinger-nose test demonstrates the defect under considera¬ 
tion very well. The ])atient is asked to place the tip of the forefinger of the 
outstretched hand on the nos(? while liis eyes are shut. Instead of taking the 
shortest and most direct route, and readily touching the nose, tlie finger 
wanders about aimlessly, and finally alights on the cheek, chin, or neck. 
As the patient is unaware of the position of the nose or tin* finger and does 
not know what progr(;ss the hand is making, it is little wonder that he fails 
to find his objective*. Should the patient close his eyes while standing with 
the feet together, he sways from side to side, and, if not supporte,d, finally 
falls to tlui ground (Romberg's sign). This ina])ility to stand may be due in 
part to loss of th(^ afferent impulses which subst^rve the stretch reflexes ; these 
normally produce a sustained contraction of the antigravity muscles in the 
legs and trunk thus maintaining the erect posture (cf. p. 595). 

(5) Temperature and touch sensibility are affected to a variable extent, 
but for some unknown r<*,ason, the dorsal root fibres subserving these sensa¬ 
tions tend to t*.scape injury. 

(6) The sphincter trouble in tabes results from t he loss of visceral sensibility 
of bladder and rectum. The patient does not know when liis bladder is 
comfortably full, and consequently allows it to go on filling, and become 
excessively distended without experiencing any d(jsire to micturate. Tln^ 
heightened pressure in the bladder finally forces the sphincter oj)en, and 
small amounts of urine overflovr at intervals (.see also p, 771). 

Ascending Paths in the Brain Stem.- (1) Funiculus Gkacilis and 
C uNEATUS.- In the lower medulla, the funiculus gracilis^(*nds in the nucleus 
gracilis, tlie funiculus cuneatus in the nucleus cuneatus. From the small 
cells forming these nuchu a fresli relay of fibres arises, which sweeps ventrall/ 
across the middle line as the internal arcuate fibres to form the medial 
lemniscus which lies near the middle line arid dorsal to the jiyramid. The 
decussation is called the decussation of the medial lemnisci. Some fibres 
from the nuclei pass via the external a-rcuate fibres and the restiform bodies 
(inferior peducles) to the palajocerebeflura (Fig. 383A and p. GOG). 

The medial lemniscus at this stage is only conveying the impulses carried 
in the dorsal columns, i.e. those from receptors in muscles and tendons > 
(deep sensibility) and from touch receptors in skin. 
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the Villus (from the nir-pnss;i;?es). the dorsal nuclei of the ninth and seventh 
nerves {fastr lihres) (for <letails see ]). r)«^l) afid perhaps from the vestibular 
division of t he eighth nerve (from the labyrinth) (p. 5'.)7). 

I In the mid brain tiie mediaj Jenmiseiis lies i n J.he teginnmtum dorsal t o 
the substantia ui.uTa. a ndTHTse to tlie middle line ; it pusses throujih the sub- 
thiilamie reuion to iviul in the thalamus (Pi.Lr .‘> 00 A). 

The Thalamus^ (h"i^. dob). The main nuclei and connecti»)ns of the 
thalamus a.re set out below in summary form : 

1. Axtkhtor Nt’(’Li-:i s (Fi.i^. *>.“»(), 1, J). 

(i) Receivtvs tlie mainmillo-tlialamic Iracl which relays fil)res that arise 
in the hippocampus and tra=\(‘l via tin* fornix to the mammillary 
bodies ((d‘. p. dS2). 

(ii) Sends tibres to the cin^nlar uynis (ar(‘a. 21) and the ])a,racentral 
lobule. 


2. Mediat. (Dokso- 

AREA medial) NircLEES (and 

ii‘lat(‘d “ intralaminar ’* 
nuclei) (Fiir. dot), I, M: 
2, J)M ; DM, CM) : 

(i) H(‘(a*ives ami 
sends tibr(*s to the 
liyp<»lh}damus (Fie;. 42S). 

. (ii) Sends fibres to 
most n'liions of the frontal; 
]ob<*s (j>. bOb). 

As explained on p. ()7t) 
rich to-ambfro fibn* con¬ 
nections link u p theanterior 
and medial thalamic nuclei 
with theliypothalamus and 
t In^ prefrontal lobes, and so 
Fig. ItarjA.— AscciiflijiL’'trri< t« Oi'I'hatimiis ari<l N’lisnrv convfU't these en*y mas.ses 
(’ortfx. l«M_r,.n(i 1(1 Fi^r. intoaii integrated i'unction- 

in^r entity. 

In ad<lition tiiese two thaiami(; nuclei estaldish to-and-fro connections 
witli most areas ot tln^ cerebral cortex and thus subserve the “ resting ” 
dfi^trcH Uicep haloeram (]>, til 7 ; Fiji. 3r)7). The sup])ressor bands in the cerebral 
cortex send irbrS^via the caudate nucleus ti» tin; thalamus to block this 
“closed cortico-thalamic circuit’ and so .sup|»re.ss the cortical “ restiii" ” 
potenti.'ils (p. b2D). 

3. Lateral NuoleI'S.- This is (‘.sscntially a relay station, linking skin, 

" muscle, tasti'. recejjtors and elferent fibres froin the cerebellum with the post¬ 
central and precentral cortex. 

(1) Lateral part : (i) do7*sal (Fig. 356, 2, 3, DL ); (ii) posterior (Fig. 356, 
3, PL) ; these send fibr(‘s to the parietal lobule.. 

(2) Ventral part : 

(i) Anterior (Fig. 3:>6, I, A V) : sentls filues to the (aiudate nucleus 
anth fMitamen. 

(ii) Lateral (lalero-ventral nuclem) (Fig. 356, 2, LV) ; receives fibres 

^ Walker, Primate Thalamu^f Chicago, 1938. 
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troin tlM‘ (»|)|»osit.(‘ m^iactU'uUJIiun via iJje crossin^:; superior 
oerehtjUiir peduuole ; r<*lays the e(*n*lM*ll;ir impulses to the 
excjitorjiotor areas I and (>. 

(iii) Posti^rior {jHjstntt-rrnfnil nnclrus) : 

(a) ntrdfal (Ki^. oo^V, .‘.J, /M/1') : rer;eivos the lilu’os ot the 
secomlary neiiroiies fnjiu the fact* (\') and the taste rera'ptors 
ill the tongue (via W and VII) : relays tiu* iinpulses to tlie 


Fio. Nuclei <»{ 'riialjunus (M(ink<‘\) 

(after llausoti Clark, Aimtniiiif nf 
Xemms Philn., stli lU lTo 

'ihc sf'iMinii's arc in tt»c I'rontal phiiu* ; 1, a 
an- ifi Untf order lr<iti! ticfor** ti.ifkw.ud-, 

A, Jiiilcrior tljalainic nuftMi-. 

AV, anterior vent.ral midfie. 

c.'KidaU? nucleus. 

CM, criitnini nicdiaiiiini. 

J)l., dorsal l.itcral miclrUs. 

OM. dorsal medial iiiieli-n.-. 
i S I*, ulohiis ])allidMs. 

JfM, medial iialteiinlar imcIfU''. 

N. Iiabeiiulwpi dniieular tr.i< t. 

1C, internal ea|*sn|e. 

LV, lateral o ntral iineli-iis 
>1, mielej dl' miilliix . 

I’Jj. posferitir lateral nnelens. 

I'LV, postendateral ventral iiu« I<mi-. 
i’MV. poslenimedial \enlral mieleus. 

KN, red linelells. 

SNT, sidivl,;mti:i iiier.a. 

111. did vent rick-. 


and tin' assotuated t.ast.e ar(; a iiy ti i o infe rior part ( ^ 
o f tile. postcentral ' 

(h) lateral T^LT) : reenives the fibres of the second- 

arv' JieiiroiiOtS Iruin tiie ai'in jiud leg rela\s tlie impulses to 
the middle and siijierior part of the posteent ral enrtiix (arm 
and leg areas). 



4. PoSTKKlOB NiH'LEUS : 

(1) Pulmnar : sends fibres to tlie paritd-aJ “ association areas. 

(2) Medicd and lateral genUruUtte bodw-M-. reroive the fibres of the 
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secondary visiial and auditory neurones and relay the impulses to 
the visual and auditory areas of the cortex (pp. 572, 575). 
Functions of the Thalamus.— (1) The thalamus (medial nucleus), by 
virtue of its efferent connections with the liypothalamus is a retie.x centre 
concerned with emotional exteriorization (for full discussion si*e p. ()t)4).-' 

(2) Because of its rich intc^rconnections with tln^ pnffrontal lobes the 
I thalamus is ])art of an integrated nervous 

complex subs(Tvin.u personality, emotional 
affects, and .s<ieial behaviour (j). (>70). 

(3) The thalamus is coiuau-ned witli the 
maintenance and control of the restiiiir 
electroenre]ihaloyram (p. 1)17 ; Fi^. 357). 

These intimate thalamo-(;orticjil inter¬ 
relationships make the ant(*rior and medial 
nuclei of the thahuiius (fnr most purposes) 
an integral, tliough anatomically disphu^ed, 
})art of the cendjral cortt*x itself. 

(4) The interconnections of the thalamus 
and corpus striatum are shown in Fig. 124 ; 
the relationship of the thalamus to the 
syndrome of choreoathetosis is considenal on 
p. hOl. 

(5) The latero-ventral nucleus relays 
cerebellar impulses to tin* t^\(‘it()motor areas. 
Lesions of this jujcleus j)rodu(;e signs of 
(jerebellar dist urbama^ in the opposite side 
of tlje body. These consist of weakness 
and slowness of movement; ataxy during 
voluntary movement (cf. p. 010); diminished 
inu.schi tone. The superficial reffexes and 
the plantar r(‘Sponse an^ normal on the 
affected side of the body. 

(6) The fKjstero-vamtral nu(;hfus relays 
skin, muscle, and taste atT(*r(mt.s to the 
postcentral corte.x. Lesions of this nucleus 
produee striking sensory disturba-inres (see 
p. 567). 

(7) Relation of th?: Thalamus to 
Co .\scious Se n s a 'jton. —The fol lo wi ng 
observations are relevant to the discussion ; 

(i) Removal of the cerebral cortex on 
one side in the monkey or baboon productjs on the. opf)osite side of the body 
complete amesthesia for a few' days; subsec|uentiy limited recovery occurs. 
If the other cerebral cortex is now removed this residual sensory activity 
remains unimpaired, indicating that it is mediated by a subcortical level. 

(ii) In man, hemidecortication produces severe sensory loss over the 
opposite trunk and limbs ; all forms of sensation are lost except heavy touch 
and pin-prick which are recognized, but imperfectly localized. Over the 
opposite /ace the sensory disturbance is less marked : touch and pin-prick 
are readily recognized and to some extent localized. There is evidence, 
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Fia. 357.—Connc(‘tions of Ventro¬ 
lateral NucleiLs and .Medial 
Nucleus of Thalamus. 

I., A, F —Aflcront f'roni t't;, jiriu 

ami fan* whic relay in the t»ralii 
stem ami eross over to the oi>po.site 
sifle in medial lemnisnis to eml in 
till- ve 11 1 rola tera I nu {r]i *( j s of t iia la i mn 
(V.l..). 'i’hoy relay there to pass tti 
the leg, arm and fa<*e areas of the 
sensory eortex. 


M 


-'I’he medial thalamus, whieh is 
eonneetefl with tlie eortex hy a 
“ privatt*. ” thalamo-eortieal ami 
rortieothalarnie j>athway. 'J’liis t<»- 
and-fro ]iath is the eimilt whieh is 
re.spoiisihle for the renting eleetro- 
eneephalogr.aiij. 
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however, that the greater pn'servation of skin .seiisihility in tlie fac«^ i.s due 
to the faet that the skin of the hejni is represcMited in l)otli heniisplienis. As 
some sensilniity {)ersists in the trunk and Jinibs after hemi(]eeorrieation it 
seems likely that in maJi suheorthail neurones, |)rol)al)ly in the thalamus, 
can mediate some form of vanrm* *’ sensation. 

(hi) Thalamic Sf/ndromc.- This clinical syndrome, is due to occlusif)n of 
the artery wdiich sii[)plies (mainly) the. portions of the lateral thalamic, nucleus, 
which are the relay station for th<^ arm, lt% and cerebellar afl’erents. All the 
symptoms are iound on the op{)osit(‘ sid<^ of the body and arc as follows : 

(a) W'^eakness, d(‘cr(‘,ased muscle, tone, and ataxy, due. to injury to tin*, 
cerebellar alferents (])|j. b(ts e/ .scr/.). 

(h) (Mion'ic and ath(*totic movenumls (p. due perhaps to intcrfen*ncc 

with the cormections between the thalamus and the corpus striatum. 

(c) 'riui same kind of loss of the. discriminative a..sj)ects of semsation as 



Kio. Projection of Poifv Wall of Monkey on Sensory Cortex. 

(Adrian, ,/. l*hysiol,, HHJ, 100,) 


occurs in hisions of tlie. postcentral cortex. The loss inidudcs the sensation of 
light touch, tactile localization and discrimination, intermiHliate. gratles of 
temperature and appreciation of small mov^ements at joints (cf. ]>. o()9). 
These results are r(?adily uiiderstanda))le as the thalamic nucleus which 
relays to the cortex has been damaged. The sensations which are retained are 
apprejciation of gross movements and of hot and cold stimuli (which are 
poorly localized). 

(d) There art*, alfcrcd emafKmal affects. Thus one of Head s patients 
coiiiplained that his trousers ])roduce.d such unpleasant feelings that lie had 
to remove them. Another patient found the singing oi hymns and of (lod 
save the King ” quite intolerable. Some stimuli, e.fj, vrannth ayiplied to the 
skill, tickling, and erotic stimuli may produt^e greatly eiiliancid stat(?s of 
pleasure ; on the. other hand ])aiiifui stimuli pin-prick) may produce 
intolerable anguish. “ Siiontaneous agonizing pain may develop without 

obvious cause. • i •• i 

There is no satisfactory explanation of these emotional disturbances. 
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Head attributed them to the release of the aiit(‘rior and medial thalaniie 
nuclei from cortical iiihibitorv control ; but tlu^ h‘sion doi^s not usually 
involve corticothalamic tibn's. Alternatividy it may bt‘ su<^«:;ested that the 
anterior and medial nuclei are releiise<l from sonu* other thalamic intluence ; 
as a result the urey complex ' consisting of anterior and medial thalamus 
and frontal lobes, functions abnormally producing; tin* chan»^ed “ affects " 
described. 

Somatic Sensory CortexA The functions of that part- of the parietal 
cortex which subserves cuiiscaoiis skin and muscle sensibility have l)e(Ui 
studied in a number of ways. 

(1) (k)KTK'AL PorENTiAi.s IN’ Am.mai.s. The points of immediate termi?i- 
ation of afferent impulses in the sensory areas (receiviiit^ areas, “ arrival 
platforms ’') of the cortex can easily be mapped out by electrical means. 
The cortex is exposed in an aiuesthetized animal ; stimulation of skin or 
muscle sots up a. burst of action [loteutials in a restricted rejzion of the cortex 
which represents tin* arrival point r>f tin* impulses. The map thus determiiu*d 
when the body wall (skin and nuiscrles) is stiniulate<l in thr monkey is shown 
in Fij^. Tlie nuauviinr an'a in all species is mainly conccM'iied with those 



Fio. 3,59.—Representation of DitVoreril of Btuly \\’;dl on Sensory Cortt'x in Hahhit. 

The “face” area represents tlie lips .and vibrissre exdusivfly. ( Adrian, J. / 7 ///.v/o/.. imi. 100 .) 


])arts of the body which are mostly closely related t.«) the ontsich* world : thus 
in tlie cat there is a larot* area for the claws, in the rabbit for the nuuith reirion 
(Fig. 359), in the dog for the face, and in the monkey for the hands and face. 
The impulse patterns .set up by the peripheral reci*ptors become moditif‘d 
as they pass through the various relays in tlu^ central nervous system fi.s a 
result of central suiiimatioii, irradiation, and after-discharge ; the patterns 
arriving in the sensory area thus difb^r .significantly from those set up by the 
sensory endings. Strangely enough, no cortical] respon.ses have yet been 
detected in the animal species examined, following the, application of temjiera- 
ture or painful stimuli. 

(2) Anatomk’al STt:r)TE.s. Such studies in man show that the libn'.s of 
the medial lemniscus are topographically })roj(ait(al - on to the. postcentral 
(ascending parietal) gyrus. The [)ost(*entral gyrus has tin* ty])ical granular 
structure which characterizes the semsory cortical areas (Fig. 388 ; p. 615). 
Fibres from other parts of the thalamus (dorsal-lateral, posterior-lateral 
nuclei and pulvinar which receive no incoming sensory fibres) project to the 

^ Bard, Harvey Lectures^ 19.37 3S, 33, 14.3. Hard et al„ Johm Hopkin^t Hasp. Hull.., 
1942, 70, 399. 

* Topographical projection : tliis means that <?ach small group of arriving fibres 
makes connection with a limited group of cells found in a Sfiecifie cortical area. 



SOMATIC SENSORY CORTEX 


569 


parietal I(>)>e hrhind t]>e |)f)st(;(^nfcral pynis. This lat.t(*r region therefore r(‘ceives 
what has )>een calltMl evasively the “ int<‘grate<l pnxjuet of thahinne activity/’ 

(3) ELK(’TKi(’AJi S'j’iMn.A'no.v IN Man. Klixjtrical stimulation of the 
exposed suriaci* ol the ]»ost(M‘.ntral gyrus in a conscious man li^ads to hallucina¬ 
tions of tactile stimulation, feelings of mimhn(;ss or tingling or a sense of 
movement or pressure which are refernxl to the opposite side of the body ; 
hut there is vvvc.r any conrplainf of 'pain. Irritation arising from disease 
produces similar symptoms. Stronger electrical stimulation may set up 
movements owing to impulses passing forward to the motor areas. A high 
degre.(5 (»f tt)])Ogra}>hi(.‘al n?presentation of the different ])arts of the body can 
he demonstrated hy electrical m(*thods in the postcentral gyrus in. man 
c<»rresponding roughly to the motor localization in the precentral cortex 
((*f. f>. t)3o). though more overlapping takes })lac(*. 

(-1) (h.iNK’AL Kviokni’k. The postcentral gyrus, whiedj directly receives 
the afferent paths, is piesumahly mainly conciuned with mediating the 
elementary sensations of touch, j>ressure, heat, cold. The more ])osterior 
|)art of the parietal lol)e (su]>erior i)arietai lohule, part of the supramarginal 
and angular gyri) is thought to he ass(»ciated wit h tlie more elaborate processes 
of iii,scrminafiny betnrrn stinruJi. and t in* recoymtion of common objects placed 
in the hand (stereoynosis) without looking at them. Study of patients with 
disease or injury to the parietal loh(‘ shows tliat the parietal cortex is con¬ 
cerned with the following asp(‘cts of sensation : 

(i) J)ifferences in the r(;lative intensity of different stimuli: heat is not 
merely distinguished from cold, hut warm objects are distinguished from 
warmer, cold from colder, rough from rougher, and so forth. 

(ii) Recognition of spatial relationships : (a) Tactile lacalization : the 

[precise jioint stimulated is accuratidy located. (h) Tactile (two~point) 
discrimination : twf) points of a compass ])laced clos(* together are recognized 
as two and not as one. (c) IMie extent and direction oi' small joint displace¬ 
ments can he (‘stiniated accurately. Thus the r(‘lations of a stimulus in one, 
two, or three diinensional space are clearly defined. 

(iii) Appreciation of similarity and difference in external ohje^cts brought in 
contact with the surfaci' of the })ody (without the aid of visual imprtissions) : 
differences and similarity of siz(‘, weight, form, and texture are t hus recognized. 

(iv) tStereoynasis : this is the most elaborate function subserved by tlie 
parietal cortex. It necessitates ])erfect rece])ti()n of the im])uls(is set uj) by the 
stimuli from tin* object. The sensations produced are “ synthesized ” in the 
cortex and compared wdth ]>rcvious similar sensory “ imunories/’ ^ We thus 
recognize an object as a lialf-crown and distinguish it from a pimny piece by 
tlie presence of the milled (‘dge (for which we (lidiberately feel). 

It should be emphasized that the forms of sensation enumerated in 
pa.ragra])h8 (i) (iv) above* are lost or impainxi in lesions of tlie parietal lobe. 
(As (*x])laim‘d on p. oSl tin* fact* area of the postcentral gyrus is closely 
associated with the taste area.) 

As gross forms of ainesthcsia are rare in clinical lesions of the sensory cortex 
casual examination of tJie sensory nervous system may reveal no abnor¬ 
mality. Tin*. ])atient must always be tested for stereognosis (which is almost 
eonstautly de*fe(aiv(‘) and in the other ways indicated above. Prolonged exam¬ 
ination at one tinu*. must be avoided, as the sensory cortex fatigues readily. 

’ The words in inverted commas are, physiologically, meaningless. 
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As explained nri ]>. 500, hemidecortieafcion produces more ^rave sensory 
loss ; the residual sensihility in such cases is due ])artly to activity of the 
sensory cortex on the o])posile side and ]Kirtly to iietivity of the thalamus 
itself. 

Motor Chanqefi in Lesions of Sensort/ Vortex. In lesions of th(‘ s(*nsorv 
cortex the pati(Uit's complaint is commonly o f clumsines s (ataxy) and '‘ use¬ 
lessness '' of the alTocted side (which is on the siih* opposit(‘ lo that of tli(~ 
(Tiseas<Hl cortex). This lindin^ a^airi emphasizes tin* over\vln*lmi!i^^ importance 
of ])roper afl’erent guitlance of the motor areas of the hrain. 

General Discussion of Relation of Stimulus to Sensation.—(1) Tuo- 
JECTION AND LOCALIZATION. -.Activity of the s(*nsory <*ojtex (whether set 
11 ]) naturally or artiti(;ially) is not experitmeed in (*onsci(Hisn(‘ss as a.n (‘vent 
occurrinji in the head hut as an event at the ])eriph(‘ry ; this projection of the 
sensation varies with the. rec(*pt()rs involv(*d. Thus impuls(‘s from tin* hjidy 
wall give rise to sensations projected to skin or nius(*h? : from the hihvrinth 
to the head and neck ; from certain viscera somewhat vaguely to tin* interi<n- 
of the body ; from the distance receptors (eyes, (‘ars) t») extt*rnal spa(*e 
whence the stimuli originated (thus we project retinal impulses set u|) by a 
mail seated in an armchair to tin* place where In*, is and not to our own eyt‘s ; 
we project a sound to the orchestra whence it came, and not to our own ejirs). 
A sp(*cial aspect of projection is localization of stimuli a])|)lied e.p. to skin or 
muscle. Localization de])ends primarily on regalar anatonneal connections 
between the receptive field {e.g. skin) and the receiving ar<;a of the (rortex, 
i.e. on topographical (so-called point-to-point^ j proj(*ction of the peripheral 

field on to the receiving cortical area. The electrical (*vidence nn‘ntioned on 
p. 5f)8 su])ports this view. For highly accurate localization, a prererjuisite 
is that minute areas of the sensory surface should (ionnect with " ]>rivat(‘ 
groups of cortical cells ; this is the case witli the skin of the fingers. On the 
back, howev’er, large? skin ar<*a.s are ])roject(ul on to a small (.'orrical zone ; 
precision of localization is corresf)ondingly poorer. The term “ point-to- 
point ” connection must not be understood too literally. An area of i sf(. mm. 
of human skin may contain t(?n groups of two or three touch corf>uscl(*s 
su})plied by iierv<? fibnis which enter several dorsal root lihunents or even two 
.se])arate roots. Consider further, that the touch fibres have a dual central 
])ath (dorsal columns and spinothalamic tract) and that at each nday each 
afferent fibre establishe,s multiple ])otential connections. It follows that any 
“ spot ” on the skin probably a<?tivates not a cortical s])f>t but a zone : the 
central region of the zone is .stimulated maximally, the more peripluiral 
jiarts feebly ; the cortical r(\sponse to a ])unctate stimulus is thus a character¬ 
istically patterned localiz(!tl area of activity, which in somci unknown way 
gets attached to it spatial j)ropertie,.s with rc^spect to tin* sensory surface. 
When a more extensive skin surface hs stimulated, multiple cortical areas are 
activated. (For referred- pain see ji. Tofi). 

(2) L\te.\sitv of the sensation is related to the frequency of the afferent 
impulses (p. 551). 

(3) Quality (Modality) of the Sensation. —This seems to depend on 
unknown special ])roperties of the region of the cortex activated. No matter 
how a sensory cortical ‘‘ centre is stirred up to activity- whether by natural 
stimulation of the appropriate nerve endings, or by artificial stimulation of 
the afferent nerve trunks, or of the cortical substance itself—the response 
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always lias the distinctive and specific (piality. This statement must not, 
however, he taken too literally ; tlu^ eflecls in consciousness of artificial 
stimulation of a sensory cortical area resendih*, of course, only vaguely the 
results of normal stimulation by ini})ulse str(*ains from tlie normal afferent 
channels, y(‘t the same ([ualitv of siuisation is arous<*d. 

(-1) OivrsTAxniNO Pkoulkms of Pain Sensation, (i) There is little 
(‘videiice that tlic |)ari(‘tal cortex mediates pain sensalinn. The pain ancrents 
undoubtedly ])ass up as far as the thalamus ; lesions b(*l^)w tin* level of the 
thalamus may abolish pain sensibility. Jt seems not imjuobable that the 
complex mass " prefrontal cortex -thalamus ” is r(‘S])otisible both for 
recognition of pa.in and the associated emotional atiect."’ 8u])portine 
cvi<ienc(‘ is as follows : {(t) lesions (»f th(‘ tlialamus may l(‘a.d to " central })ain " 



Fi(i. ItUO. l>iairraiii of AuJitorv Palli. 

(’.N. (‘(irlilcar N«Tvr ; Vvstilmhir la i vt*; I)«)rs.N.- I>(»rsal 

rofhh'ar niu-)«-us ; Ventral fochlmr nucl( u> ; .M.Str.-- 

MriJuIlary .sirin'; S.O. Sij|»iTic»r olive ; T.N, rr:i))e/oiii iiiielru'^: 

Trap. 1 rape/.iiiiit ; tal.l.. Lateral Ii'Ihium U'^ ; I.IV liilnior 
I>eilutii-i«' 1 Kestilonii llo;ly»; 0 IM iter>'iiue|i n>. 

and ^n*atly exa^i^era.t(^(i faiin aHeets (cf. ihfthrnnc Sj/ndroiHV p. oti?) ; (h) in 
cases of visceral tlis<*a.sc with intractable j)ain which has not rcspondeil to any 
form of drii^t treatment, prefrontal leueotomy may greatly d(‘crease the 
“ afiect feeling " of pain) ; the jiat.ient recognizes the ('xistence of paiji 
but it has ceased to worry him or dominati* his whole outlook. 

(ii) Any proffered explanatiiJii of the aeeiirate localization of many forms 
of painful skin stimulation lias to dispose of the following dilliculties : (a) 
because of the wide interconnections of t he nerve nets in the skin subserving 
pain any punctate skin stimulus must feiul back into multiple afferent 
channels ; (b) the thalamus can only mediate vague and inaccurate localiza¬ 
tion ; (c) the skin is not topographically projected on to the prefrontal cortex. 
It will be remembered, however, that many specialized receptors have an 
associated accessory “ pain ’’ fibre ; thus, vigorous scratcliing would stimulate 
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first touch and light-prcssiiro receptors and tlien the associated pain re<-eptors. 
The stiinidiis to touch and litjifit-pressure receptors is accurately localized ; 
this localization niav then he “ ayipended '* to the assotuah'd j)ain sensation 
and to the " 

The Auditory Path. The cell bodies of the eoclilear division of tlu‘ 
auditory nerve are in the spiral ^an tflion of tin* cochl(‘a ^ in the internal cul ; 
the peripheral axons pass to (or inoft* jim'isidy !1P1{<(^ hefween) tJieliair c^s 
of the organ of (’orti : the central axons pass to th(» niiuhdla dorsal to the 
restiforni body. Jlere tliey end in two nuclei : the vvntnil corhlmr hueJeus. 
between the two divisions of the nerv<% aiul the dorsal cochlear nucleus, 
which lies on the dorsolateral aspcict of the restiform body. From tliese 
C(‘ll stations a. fresh r(‘lay of fibres arises (Figs. .‘ifiO, 111 413). 

(1) From th(‘ ventral nucleus a band of transverselv rmiiiing fibres, tin* 
frapczium, arises, which mainly crosses to the opposite side al)oTit niidwav 
between tlie ventral and dorsal aspects of the pons ; collaterals are givtm to 
the superior olive and the trapezoid lundeus wliicli connect up with motor 
cranial nuclei (esjiecially VI) supplying the muscles of the cyi‘s, hca.d and neck.- 

(2) Froin th(‘ dorsal nucleus tiie tneduUnry strnc'’ aris(‘, which ma-iidy 
cross the midline in the floor of the fourth ventrich*. and then turn sliarplv 
ventrally in the reticular formation to join the tra])ezium.^ The \initcd fibres 
then turn upwards as tin* lateral tchiHiscus. 

As indicated, the decussation of the auditory fi}>res is partial, lik<' tliat 
of the optic nerve fibres (q.v,). Some of the fibres of the trap(‘ziuni and the 
medullary stria* |)ass u() the lateral lenmis(*us of their own side. 

In the inidbrain the lateral lernni.sciis turns .sharply dorsally to end in 
the medial yenIculate bodies ; tin* two medial gcniculaT(‘s an.^ united by fibres 
running througli the. riptic chiasina, forming van (uiddoi's comniissure. 
Collaterals are giv(*ii to tlie inferior collieuli which servt* as a c(‘ntr(‘ for reflexes 
in responses to s(»und. 

From the medial geniculates a fre,sh relay of fibres arises, winch pass(*s as 
the auditory radiation behind tin* posterior limb of the internal capsule to 
end in the auditory centre in the temporal lobe, mainly in HeschTs gyrus 
(anterior tran.sverse temporal gyrus) which is buried in tiie fi.s.sure of Sylvius, 
and also in the superior tem])oraI gyrus. Stimulation of this region ii/a cmi- 
scious man leads to auditory hallucinations, e,y. buzzing, booming, or clickijig 
noises ; animals so treated will prick iij) t heir ears. It should be em|diasiz(*d 
that fibres from one cochlea ultimately reach the auditory cortex on both sides. 

Round the primary auditory centre there is beli<*vefl to be an auditory- 
'psychic centre which subserves tin* appreciation of the nature, of a.uditorv 
stimuli. Thus, in the course of time, when we }u*ar the sound of a whistle 
we associate it at once, in our mind with a yioliceinan, or a train moving out 
of a station, etc. When the significance of common sounds can no longer be 
appreciated, a condition auditory aynosia is said to exist. In the first and 
second [superior and middle] temporal convolutions on the left side, is an 
area in which the sounds enijiloyed in speech ani “ understood " : this 
constitutes the auditory speech centre (p, 653). 

^ Cochlea - siuiil-shell, or a spiral staircase, as in tla* Hippodrojuc at Hy/.antium. 

* There is evideriee that all the cochlear fihre.s relay in the superior ^)live arul tnipczoid 
nucleus ; this would make the lateral )cmni.sous a tertiary auditory neurone. 

» Or Strifx acoustiem. « Or trapezoid body. 
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Mechanism of Hearing. —(1) Conduction of Sound Waves in Ear.— 
Sound waves ])}iss down the (external ainlitory inoatus and impinge on the 
dnmi which, being af)eriodic, ref)roduces laithrullj the fre(]U<;ncy of the 
stimulating tone. The ossicles of the. mi<ldle <*ar in th(ur turn accurately 
transmit the fre(im»ncy of the vibrations of the dnnn to the footpiece of the 
stajK'S which fits into the foramen ovale. The//^oV/ (perilym j)h and endoJymph) 
in the scalar of the internal ear in its turn vibrates with the sane* fre(juen(^y. 
Owing to thc‘ anatomical arrangement of the ossicnilar system tlie eiuTgv 
of tlie vibration of tlu^ drum i.s transmitted to tin* fluid in tin* seahe with 
a tenfold increase in intensity ; the intensity of the vil:)rations of the fluid 
is directly proportional to tin* amplitude' (loudness) of the tone. The frecpiency 
a!id energy of tin? vibrat ions of tlie jauilyniph and endolymf)h an; transmitted 
to the fii>res of the hasilar mcwhnine (auditory strings) on which rests the 
organ of Corti, innervated l)y nerve filaments from th<^ cochlear division. 

(2) Stimulation of 0|{(;an of Cokti.- TIio fibres of the basilar membrane 
niimlx'r 24,(KK) in man ; tJiev are sht)rt.esl. at tln^ base of th(‘ (ioclilea and 
largest at the a]>e.\. The range of li()re length is bctweeji f)4 128// and 352- 
4.^0//. ^riiese til»res act as resonaUtrs ; fibres of on^^ (or (4os(4y related) length 
respond specifioally to vibrations of a certain (probably narrow) range of 
fre(jueuey. The longest fibre's re.sjjond to the lowest fre(]U(‘n(;i(*.s (lowest tones), 
the shortest fibres to the highest frequen(!ies (highest tones). The vibrations of 
any seedion of the basilar membrane set up movements in the superjacent 
part of the organ of Corti ; these* movements s(u ve, it is thought, as the 
specific stimulus to tlie local nerve filaments of the coeslilear nerve. All the 
disturliances in the. ear discussed so far are mechanical in nature, reproducing 
faithfully as stated the wave fre(|uency and wave form of tin? original tone ; 
the fina.i result, how<*A’er, in the organ of Coiti is the generation of nerve 
impulses. 'I’ln* nerve terminals here display the same general properties as 
receptors elscjwhere (cf. ]». 549). 

(i) Analysis of Pitch. —The pitch («.c. the frequemty) of the tone deter¬ 
mines (as (explained) which grouj) nf fibres of the basilar membrane responds 
and consequently the locality in tin*, cochlea of the n(*rve terminals that 
are stimulated. .Direct study of the action potentials in single or small 
groups of fibres in the coclilear nerve reveals no dih'erence in the form of the 
potential chang(\s in din’erent fibnvs of the nerve ; the cochlear action 
potentials furthermore are iiulistinguishabie from those recorded from other 
afferent nerves. J)irect exj)eriment also proves that individual tones stim¬ 
ulate specific small groups of cochlear fibres, depending on the frequency 
of the tone ; thus high toiu's generate impulses in the nerve fibres from the 
hasal region, low tones in the fil)res from the apex of the cochlea. Conversely, 
minute lesions of the organ of ('orti result in loss of action ])otential chanps 
in the (whole) cochlear n(*rve in resjwiivse to si>ecific tom^s. Thus a lesion 
(in the cat) 2 mm. from the basal end of the cochlea n'sulted in a maximal 
loss of response to tones of 82<Mt cycles ; a lesion 14*5 mm. away caused a 
maximal loss to tones of 251) cycles ; in this s])ecies about 2*5 mm. of cochlea 
are alloted to each octave. W'hen a larger cochlear area is damaged, the tone 
loss is correspondingly more (^xtensivo.^ 

(ii) Analysis of Loudness (Intensity).-- The frequency of the cochlear nerve 

* AdcH an<J Folflcr, J. Neurophysiol., 1042, 3, 49; Galambos and Pavis, ibid., 1943, 
6, 39. 
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impulses bears no relationsbi]) wliatsoever to the froqu(*.ncy of tlio stiniiilatiiig 
sound waves. It may be emphasized that the same laek of relationshij) 
obtains between tlie fieqiiency of light waves imfdnging on the retina and 
the impulse frequency in the optic nerve, or between tin* fr(*(iuency of h(*at 
wav(‘s falling on the skin and the impulse frequency in the (U)rres])onding 
cutaneous nerves. In tlu^ cochlear libn‘s, as in all th(‘, receptors so far 
examined, the impulse frequency varies directly with the sirvutjlh of th<» 
stimulus, y.c. the loudness of the .sound, and is thus related to the a.m|)litude 
of the stimulating sound waves and the resulting force of movement of the 
basilar membrane. A weak tone sets up a low imjudse fre(juency, a loud tone 
a high frecpiencv. The. nerve, endings show little adaptation (cf. p. 550), /.c. 
the imj)ulse frequency is not diminished when the stimulus is maintainetl. 

(3) Atuutoky Centkks. The nerve impul.ses thus .set up in the (‘ochlea 
})ass through the relay stations enumerate<l above (]». 572) t«» rea<‘h the cerebral 
cortex. The audiiorij renin\ i.r. the recauving area for cochlear nerve impulses, 
can be readily ma})])ed out experimentally by recording the brief action 
potentials which are set up in the cerebral cortex in response to sound stimuli 
(the same method is employed for map]>iiig out tlie somatic semsory cortex 
(p. 5b.s). In the monkey the centre thus <h‘lim‘ated lies in a portion of the 
superior face of the siq^erior temporal gyrus in the angle between the posterior 
and medial borders of the gyrus. As might be <‘X]K‘cted (cf. visual ])atliway, 
p. 57r») there is an accurate topograjihical (]>oint>to-|K)iul) reju’esentation 
of the cochlea first in the medial geniculate body and s(‘condly in the auditory 
cortex. In the cat, for oxanqde, the basal (unl of the (Mxrhlea is })roj(*.cted 
on to the atiterior end, and the apex, on tin* j)osterior imd of t he auditory 
centre, and intermediate cochh‘ar regions intermediately oji the centn\ 
The central representation of each coclil(*a is hiluteraL (’orresiamdiiig points 
from the two cochleic (/.c. those responding to the same tones) are. projecUMi 
on to the same spot in each auditory centre and give e<jiiivalent responses. 

The fundamental mystery aljont tln^ auditory centre is tin* same as that 
for all the cortical semsory area.s, namely, how is it that activity of nerve c(*lls 
in thi.s region is associated with the conscioiis seiLsation of sound, and how 
is it that the activity of special clumps of ’* auditory " colls gives rise to con¬ 
scious sensations of dilferent sorts of sounds { Then* is no answer as yet to 
these queries. 

Clinical Lesions of Auditory Pathway. —Ablation (or more partial 
lesions) of one temporal lob(j in man does not cause complete deafness but 
alfects the acuity of hearing, localization of sound, and auditory meriiorie.s ; 
as explained, fibres from corresponding points on the cochlea end in the 
temporal lobe on both sides. Deafness from a lesion of the brain stem is rare, 
and can only occur when a lesion of the central part of the pons destroys the 
trapezium or involves both lateral lemnisci. 

It should be mentioned for completeness that the Uibijrinthinc fibres 
probably also terminate in the temporal lobe. 

The Visual Path. —The visual fibres arise in the layer of nerve cells! 
in the retina and pass backwards along the optic nerve to the optic chiasma. 
Partial decussation takes jdace ; the fibres from the nasal sides of the 
retinae cross, and those from the temporal side of the rcitinfc remain uncrossed. 
The left optic tract therefore convoys fibres from the left lialves of both retime. 
Each half of the retina receives light rays from the opposite half of the field 
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of vision. The left optie tract corresponds, therefore, to the right or opposite 
half of the lielrl of vision. The fibres from tin; macula lutea (y(!llow spot), 
or region of most precise vision, behave in exactly the same way. Tin; fibres 
from the nasal sides of both 


maculic cross, and those from 
the temporal sides remain 
uncrossed (Fig. ‘hil). 

The optic tracts thus con¬ 
stituted wind round the outer 
side of the crura cerebri and 
end in two main areas : 

(i) The fiuperior collicuH (or 
in the n(;ar-by prrterlal ami), 
whi(d) an‘ not concerned with 
conscious vision but serv(; as 
a centre for visual refl(*x(‘s (c./y. 
the light rell(*x, p. 578). Stimu¬ 
lation of the superior colliculi 
usually causes the eyes to move 
to the opposite side accompanied 
by turning of the head in the 
same direction, elevation of the 
eyebrows, opening of the 
palpebral fissures, and changes 
in pupil diameter (constriction 
or dilatation). 

(ii) In the lateral (jvnicnlale 
baihjy from whi<;h a fresh relay 
arises which })Hsses back in the 
o])tic radiation to the orcipilaJ 
cortex. The fibres pass through 
the internal capsule behind those 
for “ common sensation,” and 
then pass deep in the substance 
of the tem})oral lobe round the 
outer surface; of the lateral 
ventricle to reach the” half-vision 
centre ” in the occipital lobe ; 
in man this centre is situated in 



Kio. 301. --Diagram of Visual I’atli. 


the cuneus and lingual gyrus 
above and below the calcarine 


Mur..--Manila ; O.N. Ontir nrrvr ; Op.Ch.Ojitir 
rliiasiitn ; Op.Tr. - Optiir tract; X.111. — .Nadni.s 
of third nerve: III.-IssuiiiK llhres ol third 


fissure on the mediul iisneet iutvc ; K.N. Jtod miclnis: S.C.--Superior 

r 11 , t i rolliciiU : Coll.xNuc.F.^Colliculo-nuclcar llhres ; 

ol the lolie (area 1/) (rig. 3(i5). M.O.- Medial ^^>uie.nlate body; L.O. - J.attral 

Tbe “ liolf peiileiilate body ; (Uirt. X.-Cortieo-nurlear llhres 

I. ne nan centre is so called (from frontal lobes to third nerve mielms). For 

because, like the optic tract, sifiiiincance of numbers I -O, see text, p. aSO. 

each occipital centre represents 

the opposite; half of the field of vision. 

Central Projection of Visual FibresJ —About one-third of tlie libres 
in the optic tract are derived from the macula;, and a similar proportion 


1 JLe Gros Clark, Physiol. Rev., 1942, 22, 205. 
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of the surfaee of the lateral geniculate bodies is devoted to their reception 
(Fig. 362). Both anatomical and electrical stiidit's (cl. j). ;)6S) have shown 
that there is an orderly j»oint-to-poiiit (topographical) projection of the 
retina, hrstly in the lateral geniculate body, and secondly in the oc(M}iital 
cortex.* 

L.atek.al (TKNK’rn.ATK Bodtks.- The j)roiection of the retina’ on these 
hodi(‘s is shown in Fig. 3<>2B : the large area allotted to the niacnhr is well 
demonstrated. The grey matter of the lateral genicidate bodies shows six 




Kig. 3(32a. Cross iSo<‘tit»n ot Optic Xcrvc .slio\viii<i po.sition of Df-f'cnorMting Fihrcs. 

L*'Jt : Alter lusimi <»r lHuhi: \ltrr i»r uj*ju‘r liall ainl lowi-r 

half 1)1 jjcripherul reiiiia ler-ptH-tively. lll*rv'< >liMwn tloltr.l. 


distinct layers, numbered 1 to 6 (Fig. 3t>3)- The fibres from the retina of the 
contralateral side end in layer.s 1, t, and t» ; the fibres IV<3m equiv.ilent spots 
on the ipsilateral retina end in the same region hut In layers 2, 3, r>. There is 
thus a fusion of etjuivalent sp<»t.s in the lateral gc’niculate whence liltn’s ])ass 
to the cortex (Fig. 364). Fig. 363 .shows that after enuch’ation of om’ eyr* in 
man, layers 2, 3, and 5, in the lateral gt’nienlait^ body of the same side show 
transiieuronal degeneration, while layers 1, 4, and 6 remain intact,. 

CoKTic’AL Keprksentatton.- In man tlu’ furipheml part of the retina 



Fio. — Projortiori of Ketifial Fibn-.s on liaOaal (iciiiculaO* IJody. 

SiM tion> thnuich lao.-ral «« iii<-iilat< funly >liii\\itiir the n l.iiivi- «>f l.l»- 

proji-iiiotis iVfiiii the inaciila Ovhil* i. upper peiiphenil rrliiia (Idm lo. aiul 
Inwrr ]j(nplu-r:il rotina OintrlMili . '..unple (Afi.er llrouwcr aiul 

Zeciijari, JJniitt, ; Kiiitriri, nf Sifx/rm, .VA .) 


is reprcsejited well forward on the medial siirfaci^ of the oceijiital lohe above 
and below the calcarine fissure. The wncnln lias a vitv much larger central 
representation and occu])ics mainly the posterior jiart of the nu’dial surface 

’ This can be doiiiori.stratecl by taking advantage of the occurrence of “ transnoiironal 
degeneration ” (p. 40«). If a spot on tiic retina is <lcstroycd c.xjx'rimentally in an animal, 
localized degeneration takers ]>la<*e in the optic mrrve and tract aiirl in a jicrfcctlv specific 
region of the la.t(aa) geniculate body, "flic rcl ina can thus be mappcrl out on the lateral 
geniculate body. Ji(»< aliz(al injuries of tlur visual cortex lead to a nlro(jrnt]p degeneration 
in the nerve cells ot the lateral geniculate Ixidy ; tJie visual ej>rte.\ can tlius b(‘ topf^grapln- 
cally projected on tf) the lateral geniculate body. By comparing the residts in tbt? two 
series of exporiments the retina may be accurately jirojeeted on to the visual cortex. 
(See Brouwer, iUs, PM. Aeaoc. nerv. merit. Jjia., 1934, 13, 534.) 
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{though then; is also a forward riinning tongue). Tn man the macular 
re])rescJitatioii stops at tin; occipital poh; (Fig. t‘J65). 

Each occipital half-vision (;t;ntre (e.r;. the left) represents the homolateral 
(in this case the left) halves of the two retinae and therefore (as stated) the 
opposite (right) halves of the field of vision. Furthermore, above the calcarint? 



Flc. I.:jyi*rs t»t’Gn-y Matter of J/itcral (Joniculalo Body in Man. 

: DiiiuTaiii ol six layersui Krcy luuMcr. Crossed retinal fU)res end in stippled 
landn;e (1, 4, Ti), mid uncrossiMl libres in the i;lear laiuiiiie (2, :J, a). 
lJ(4ow : Si'rtion throiii.']] j^rey inattiT of lateral fienifiilate after Piiueleatiun of tlie 
eye on the same side. Note atrophy of eell latuiinc 2, 3, and 5. (Le (Jros Clark, 
Trans. Ophtfntl. Nw., 15>-I2, fi'J, 231 ; iirit. ./. Ophihal., JW32. oti.) 


fissure (cuneus), the upper halves of the retina; (lower halves of the field of 
vision) are represented ; below the calcarine fissure (lingual gyrus), the lower 
halves of the retina; (upper halves of the field of vision) are represented.^ 
Both the region of the occipital lobe which surrounds the visual receptive 
area (e.g. area 18) and the posterior })arietal region are believed to function 
^ Flohnes and Lister, Brain, 1U16, 30, 34 
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as a visuopsychic aroa. Activity in this region enal)lt‘8 tin* nature of objects 
seen to be recognized, a |)encil, paper, or ball is recognized as such.* 
Kefiu-eiu^e is made on ]). ()()9 to the fact that fil)r(*s from the frontal eyelield 



(area 8) ])ass back to 
area 18, and that the latter 
connects with the t(‘in]>()ral 
cortex. It sliould also b(* 
emphasiz(‘(l that area lb 
(anterior to an‘a. 18 on 
the lateral surface*) is one 
of the suppressor bands 
(j). 0l20). Ib'sponses similar 
to those resulting from 
stimulating the front al eyc*- 
tiehls can la* obtabied on 
stimulatiiig the occipital 
cifcjiclds (in areas 17 and 
18) (p. ti:i7). 

The Light Reflex.— 
The nervous arc employed 
by the light retlex is 
probably as follows : The 
atferent fibres enter the 
superior colliculi or the 
adjacent pretectal region 
from the optic tracts. 
Hero a new relay arises— 
the colliculo-nuclear fibres, 
which cross both in front 
and behind the aqueductus 
Sylvii to reach the most 


Kic. :tU4.—M<Kle of Tcrmiiuition of Fibres of Optic 
Tract in Six Layers of Lateral Geniculate Htxly 
and further Course to \'isual Cortex. (After Le 
Gros Clark, J. Awa/., 1941, 7/7, 

Continuous litu's rrossed fibres ; interrupted liin.'s--uncrossed 
lihns. 


anterior part of the third 
nerve niKdeus. These* fibres 
are jirobably mingled with 
the tectosf)inal tract, which 
is destined to end in the 


spinal cord. As the fibres 
from each retina reach both optic tracts and both sujierior colliculi, it is 
found that shining light on one eye causes constriction of both pupils 


^ Le Gros Clark has suggested that the layered arrangement of the lateral genioiilate 
is related to colour vision. The HeJiidiotlz theory of colour visifUi <*num;ialed in terms of 
modern sense-physiology sujiposcH that each of the ihnie ])rimary colours, red, gnMMi, and 
violet, stimulates a specific receptor in the retina (presumably a specific tvf>e of cone). 
Kaeh cone connects up with a ganglion coll and thence with an optic nerve fibre, ('lark 
suggests that all the cones from one eye concerned with one colour end in om^ r»r tin* layers 
of the lateral geniculate ; thus the cones for red might end in layf‘r 2 from the ipsihiteral 
eye ; those from the eonlraiaterai eye would end in layer 1. 'I'lie new relay Irom layc:rH I 
and 2 would end in one corth^ul point (Fig. 355). Activit y of what may be crudely Vailed 
the red, green, or violet pathways alone would arouse a sensation of that colour alone. 
Activity of the three sets of pathways combined euiUibly would arouse all other (rolours. 
The sensation of white light would de|)end on the simultaneous and equal activation of all 
three colour pathways. 
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{consensual li^ht reflex). The fibres of the third nerve relay in the ciliary 
ganfjlion and j)ass in the short ciliary nerves to the eye. 

Convergence-Accommodation Reaction.— During Mccommodation for 
near vision the ciliary muscle (on both sides) contracts, the susy^ensory 
ligament of the lens is reiaxcfl, and the anterior surface of the lens becorn<*s 
more convex. At the same tiim^, the eyes converge owing to (u)ntraction of 
both niedial rectus muscles, and the pupils are constricted. Convergence- 
accommodation is to some extent a willed move.nient, as the object must be 
definitely looked at before, it occurs. It is sugg<‘st-e.d that visual imjjulses pass 
to the occij»it;il (cortex and are relayed U> the? frojital lobes. Fibres arise there 
wliicli descend in the 
anterior limb of the 
internal ca])sul(^ to 
reach the medial part 
of the p(‘s pedunculi. 

Tlu'se cortiroh udvar 
fibres tlien turn 
abru j)t ly dorsal ly 
tliroiigii the inetlial 
lemniscus to 1h(‘ 
o|)p()site sid(‘, to <*nd 
in the tiiird ii(‘TV(‘ 
nucleus which 
supplies ail tliree 
Tiiuscle.s mentioned 
(se(‘ Fig. o(»I). 

Stimulation of 
area 19 in the occip¬ 
ital cortex leads 
to constriction of 
the pupil, th(^ fibres 
concerned running 
first to the pretectal 
area; there is thus 
another pathway frojn 
the cerebral cortex 
that maybe einj)loy(*d 
in ympilloconstrictor 
reactions. 

Argyll Robertson Pupil A—This term is ay)})Iied to a condition in 
which the })U})illary constriction in response to a light stimulus is absent 
or notably diminished, while the sphincter ]Hipilhe still contracts during con¬ 
vergence-accommodation. From the descriy)tion given above, it is clear 
that the only part of the reflex pathway for pupillary constriction which is 
“ private ” to tln^ light reflex and is not shared by the convergence-accom¬ 
modation reaction is the part of the oy)tic tract which enters the superior 
colliculi, the superior colliculi themselves, and the colliculonuclear fibres (the 
afferent fil)res subserving accommodation y^ass up to the cortex) ; the oculo¬ 
motor nerve is the final common path for both reactions. The Argyll Robertson 
* Wilson, ./. NfttroL PfiychopathoK, 1921, 2 1. 
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pupil is often associated clinically with lesions in the vicinity of the aque- 
diictus Sylvii and the superior collicndi which would interrupt the “ private '' 
light reflex ])ath. As syjdiilis of the nervous system commonly alfects this 
region, this sign is \'(‘ry frequently found in this disorder. 

Effects of Injury to Visual Pathway.—The following definitions may 
help us to understand the effects of the commoner lesions of the visual 
tracts. [The numbers in brackets refer to Fig. -‘ifil, p. 575.] 

Hemianopia : blindness of half the visual field from causes other than 
retinal. This may be: (i) Bitemporal or binasal, i.e. loss of both temporal or 
both nasal fields of vision, (ii) Homonymous: loss of the right or the left hal ves 
of both fields of vision, (iii) Quadrantic : blindness of one quadrant only. 

A lesion of the central part of the optic chiasma (2) {e.g. from pituitary 
tumours) where the fibres from the nasal side of both retinal cross, causes 



Fkj. ,‘lOfi. -Bitc‘irij»oraI Uomian<>])in. 

Loss of both Ifini'wral halvo «if tin- visual li. bis in paliviit with pituitary tuiimnr. Thr on1« r rlottnl liin* 
indicatrs Mu* iioriiial extent of the of vision ; the inner thick ivinlinuoiis line shows the liebi of 
vision in tlio patient. Tlie shaded jjarts of tlie cliart indicate the denree of visual loss. (H. Zondek, 
KrankheUtfn (hr Kudokrinm Drufsen.) 

bitemporal hemianopia (Fig. 3r»(>). A lesion of the outer margins of the chiasma 
(3, 3) may damage the fibres from the temporal sides of the retinae, and cause 
binasal hemianopia. Any lesion of the optic nerve, chiasma, or tracts up 
to the point where the fibres for the sufu'rior colliculi leave (1-4), produces 
loss of the light reflex from the blind side of the retina. A lesion of the 
lateml geniculate body, optic radiation (5), or occipital cortex prodiKtcs loss 
of sight, but the light reflex from the blind side of the retina is retained. A 
lesion of the optic tracts (1), or their continuation to the cortex (5), causes 
homonymous hemianopia : i.e. a lesion of the left tract or the left visual 
centre causes loss of the right halves of the field of vision in both eyes. 

Incomplete lesions of the visual corttix lead to loss of colour vision ; white 
objects are seen indistinctly, or sensation may be excited only by the more 
[)Otent type of stimuli such as abruptly moving objects. Lesions of the 
lateral surface of the brain (areas 18 or 19, i.e. in the posterior parietal 
region (Fig. 430)), leave visual sensibility intact but cause disturbance of 



TASTE PATH 


higher visual functions, such as loss of visual orientation and localization in 
space, impaired perception of depth and distance, loss of visual attention and 
inability to recognize visually the nature of common everyday objects. 

Taste.—Taste receptors (taste buds) are found mainly on the dorsal 
surface of the tofigue but also on the palate, pharyrjx and tonsils. Four kinds 
of j)rimary tastes are recognized : sweet, salt, sour and bitter. What we call 
a taste is a combination of these primary tastes with various smells. 

CouRSK OF Taste Firres. —(i) Posterior Third of Tortguc, —The afferent 
fibres travel in th<^ glossopliaryngeal nerve to the medulla. 

(ii) Anterior Tiro-thirds of Tongve, —The afferents first travel in the 
lingual branch of V, then h'ave in the chorda tympani ; the taste fibr(*s may 
then take one of two routes : (a) continue in the chorda tympani to join the 
facial nerve and pass centrally in it to the geniculate ganglion (where the 
cell bodies are found), or (b) leave the chorda tympani to pass through the 
o^ic-gattglion to join th e great superficia l pidrosal nerve and jiass in it to the 
p,.nir:nlntc» ganglion.^ 

From the geniculate ganglion the central axons pass in t he nerciis in ter- 
imdiKs (a fferent and autonomic division of the facial nervel to end jn tiie 
j)^s m the dorsal nuchd of and Vli ; some descend in the related descend-’ 
mg Tract ({radns solUarivs) to end m the adjacent nucltuis of the ij-actus 
s^litan us. From this column of grey matter a new relay arises, the fibre<s 
crossing t o join the opjiosite medial lemniscus an d end in the fhalatnns clos e 
to the teriinnation ttiere of the atterent tibres of the fa ce. Ttie third re lay 
arises here and ends \n the. inferior 'part of the 'postcentral cortej' in, or close to, 
the cortical area receiving the afferents from the face. Changes in the 
electroc.orticogram occur in this area when for examph‘, quinine solutions 
ar(‘ filaced on the tongue. 

It should be emphasized that “ common sensibility on the tongue, 
(touch, hot, cold, fiain) is mediated by receptors th(‘ fibres of which pass in 
the Vth nerv<‘ {cell liodies in tln^ semilunar ganglion) to end in the principal 
sensory nucleus of V and in its long descending nucleus. From what has 
been said it is clear that all the affenmts from the tongue, both of taste and 
common sensibility, jiursue a closely associated course to the thalamus and 
cerehral cortex. Tn man, localized le.sions of the. inferior jiostcentral region 
on one side may produce unilateral loss both of taste and of common sensibility 
on the opposite half of the tongue. Hallucinations of taste have l;)een produced 
in man by stimulation of the inferior postcentral area. 

The older view that the taste fibres end in association with those of smell 
in the hippocam])al region of the cerebral cortex is incorrect. 

The sense of taste is not merely a luxury bestow-ed on ns by Providence 
to enable us to enjoy a wider rang(; of sensual experiences ; it also has a 
limited protective value, causing some (but by no means all) harmful foods to 

^ According to Cushing, removal of the semilunar ganglion of the Vth nerve never 
causes any loss of taste over the jMistcrior third of the tongne, V)ut after the oy)erntion 
there is a transient Joss of taste over the anterior two-thirds. 'Phis transient loss t)r Inste 
is attributed to the post-opera!ive degeneration and swelliinf of the fjbre.s of the lingual 
nerve (concerned with “ common scMisibility ” in the tongue) which have their cell bodies 
in the semilunar ganglion. The taste fibres w^hieh are carried as ‘"passengers” in the 
lingual nerve are temporarily pressed on and their condnetivify is impaired for a short 
time. As the lingual nerve fibres atrophy, the fibres of taste recover and regain tlieir 
function. 
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be rejected. It is claimed that the sense of taste may guide animals to select 
what is good for them ; adrenalectomizod animals thus seek out salt, 
parathyroidectomized animals calcium, avitaminous animals the af)propriate 
vitamin ; this wise selective activity is abolished by section of the taste nerves. 
Richter, who records these observations, thinks that food (hdiciencies reduct? 
the threshold of the taste buds to stimulation by the missing material : if 
h(?. is right, the taste hmls might well replace some of our Ix'st ecpiipped 
biochemical laboratori<?s in the assay of the nutritive cojistitucuts of the 
foodstuffs. 

Smell Path - The o lfactory mucosa line s th e iu)r)er third of the nas al 
septum and the superior conch a. The l )ipolar sensoVv epit helial cells are tjot h 
recepto rs and gam?lion cells m ving rise to non-niednllated fibres which end 
In the grey matter of the oltactoru bulb . The axons of the cells of the bulb 
pass in the olfactor if tract fo end in (if the op posite oltVictor v bull) ; (ii) the 
pr epyri f(;U‘*^ area ; (iii) j)arl of tlie amygdaloid comph^.x and olfactory tubercle J 
iTn* iiun’e remote connections of fTicsc cortical areas arc obscure ; no dirxx't 
connections are (^stablished with the hippocam])US or the thalanius. Tlie 
pathw^ay from the hippocampus to the anterior thalamic nuclei (via the 
fornix, inaiiimillary bodies, and niaininillothalamio tract of \Tcq d’Azyr) is 
not related to olfaction. 


MUSCLE TONE AND REGULATION OF POSTURE - 

Muscle Tone. By tone in skeletal muscle is meant a state of refted’ 
contraction whi(di is concerned with maintaining position or posture. The 
distribution and degree of this contraction among the various muscles of 
the body are related to the attitude adopted by the animal and also to the 
extent to which the nervous system is intact. Reflex tone depends mainly 
on affp.Tftnt. iTqpiilsp.fl coining from the sense organs in the muaclea themselv es, 
and to a less extent on imj)ulses from th e eyes, ves tibular a^ )paratus. and ^in. 
The reflex arc employed is wholly somatic; autonomic nerves are not invofvecl. 
The two kinds of fibre which are known to exist in skeletal muscle—re d fibr es 
and pdp fihrps—are prnpf^y^ go PYnpiif iyo florpnf.g There is no essential 

difference in kind in tin? muscular activity which maintains posture and that 
which executc.s a movement. Muscle tone is due to a low frCApiencu asyncfirn n- 
ous discharge^ from ventral horn cell s ])roducing a partial tetanus wdiich is 
economical and can be long maintained. Mo vement is due tq a more rapid 
asynchronous discharLy e. w hich gives rise to a more complete and powerfu l 
tetanu s ; siicli a tetanus is metafiolicaliy more expensive to maintain, and 
^therefcire can only be kept up for a relatively short period. 

To get some idea of the jiart played by different parts of the nervous 
system in the regulation of po.sture, it is necessary to study the subject in 
animals from which portions of the nervous system have been removed (so- 
called “ preparations ”) or in clinical cases with lesions of the nervous 
system. 

Spinal Preparation. —If the spinal cord in man (or primate or monkey) 
1 Brodal, Brain, 1947, 70, 179. Lc Gros Clark et al., J. Neurol. Neurosurg. Psychiat., 
1946, i;, 101 ; Brain, 1947, 70, .‘104. 

* Sherringfon, Brain, 1915, r?(V, 191. Kulton, M'uscular Contraction and Reflex Control 
of Movement, London, 1920; Physiology of Nervous System, Ilrd odri., N.Y., 1949. 
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is trausecttMi, c.g, iu tlie xni(lthoracic region (Fig. 367, A) there is an initial 
})eri()d of sjtinal shock ; during this time, the distal ])iirt of the cord carries 
out uo rtdlex activities. Muscle tone is absent in the affected region and the 
inu.s(^l(‘.s are utterly ilaeeid (el*, p. fiiXO). 

After a time tlie isolated part the cord resunu's functioning as a reflex 
centre. Some degree of contraction returns slowly, and mainlv in t\\{\/le.njr 
muscles of tiH^ lower liml)s ; 

the ext elisors, however, remain _L_ 

llabl»y. Jn (;ons<‘<juence of « 

this iiiK'qual <listril)utiou of "t" 

uctivity tlie (l.xors X\ M ^ITHr 

and extensors, till* lower limbs ORGAN * ORGAN 

beeonn^ j>laced in an attitude \ / 

of flexion at the knei*. and \ / 

physiological flexion (dorsi- 

th'xion) at the ankle. The _-n 

degree of contraction of 9 \ ^ i ' 

tJie muscl(‘s is, as a nde, x 

insullicicmt to supfiort the m 
weight of tlie body against tin* 
influence of gravity (p. tihl). T' 

In som(‘ (jatients a greater 

<legre(‘ of <'xt(fnsor activity de- LIMB 

veh»ps as described on p. 6il3. " “ —-^ 

It can be readily proved ^[A 

that this flexor position is >Sc 

reflexly maintained ; if the HIND-* 

appropriate dorsal nerve roots LIMB 

are so vred (c.//. a t 1, Fig. 307), 

the muscles lose tlieir tone NjM 

com|)letely. JIf/ 

Decerebrate Prepara- ' 

tion.- Hy decerebration is Fag. SO?.—Levels of Traiis-seetion tt> Produce 
nienntcarryin-outacomplete »*>'l Deoon-i.rate Rigidity 

trans-sec tion tiirough the brain 

Au /-l.wsiiV-iI A tram-sorljoii throijuh tlicTiihithoracic(A)aiul iiiiflccrvical(H) 

«ill, i.ja^.'Mi cii M uuii A pord respectively i>roilu(*es a spinal prei)aration. 

on the decerebrate preparat ion A aeetion above Delters’ nucleus (n.N.).,in the Iniilcollicular 

wwe carried out, on the cat. , ,, 

, . . r 11 limb, section ot dorsal nerve roots 

the deS(!nptlon that follows (at D aliolishes. Imifc-le tone ; in the fore limb (of the 

i*c. 4A,. j;.-.,.. . decerebrate cat) the vestibular nerve must l>o cut also 

IS ()«is( d ptinjainy on findings (socthm at 2 uml :n to abolish musele tone. 


307.— Levels of Traiis-seetion to Produce 
JSpiiial l*reparation and Decerebrate Rigidity 
(Cat). 


onthe dcccrebrat(i preparat ion A section above Delters’ nucleus (D.N.).,in the iniilcollicular 
wwe carried oid, on the cat. , ,, 

, . . r 11 hmh, section ot dorsal nerve roots 

tlu*. destU’lptlon that follows (at D abolishes. Imifc-le tone ; in the fore limb (of the 

i*c. 4A,. j;.-.,.. . decerebrate cat) the vestibular nerve must l>o cut also 

IS l),is( d ptinjailly on tlllding.s (section at 2 ami S) to aliolish musele tone. 

in this s))(‘cips. Hut it must be 

eni])hiisized that as one ascends t he animal s('.aletlirougli monkeys and primates, 
to man, there is an increase in the size of the cerebral hemisphert^s and in the 
d(*gree of dominance which th(*y exert over the lower levels of the nervous 
system; th(^re are correspondingly considerable specie's differences in the effects 
of decerebration. In the cat, if the brain stem isdividt'din the inidbrain between 
the 8Up(*Tior and inferior colliculi (mid-collicular Irmisedion) (Fig. 367, C) 
decerebrate rigidity develops. Witii the animal lying on its side the head 
is drawm back, the four limbs are extended at knee and ankle,^ the lower 
^ “ Pliysiologicnl cxtonBion ” of the ankle is what the anatumists call “ plantar flexion.” 
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DKCEREBRATE RKUDITV 


—Vestib. Sp, Tk. 


■Lonc) lnt.N» 


.Short [nt,N, 


jaw is Ilf), the hnck is arched and the tail is lifted up. Jt is very diliicult 
TO alter passiv(*ly the ])ositioii assumed hy tlie different parts of the body, 
hence the name riixidity. Examination shows that many miisc^les are firmly 

contracti'd; such (urntraction (without niove- 
'->>] ment, under .so-calh'd restiii" conditions) has 

/_ _ CD always been disscribed a.s umsclr to}\e by 

I R^ctcculc Sp.Tr. cliniciaiis. The decert‘l)rate fueparation thus 

I displays muscle toiu' in a liiph defiree, hupcr- 

j fo/n/s in fact: i)ut while, the ])re])a.ra.tion is lyin^^ 

J down on its side t his muscular a.ctivity seems 

® d<*void of “purpose" or “ lneanin.L^'' Rut if the 

ID.U. N.VIII decerebrate animal is raised on its lejis, it is 

/ found That with a little lielp the |)re|)aratio^ 

I - Vestib. Sp, Tk. stands, too stiffly a.nd im])e.rfectly, it is true 

I (and it tends to to])f)le over), but the distribution 

/ C.D.R. of muscular activity now do('s constitute a 

/ — _ « ])urpos(‘ful pattern. Tbe muscles whicli are 

I A"* contracted are now seem to l)e the aiiti^jjravity 

I f \ muscles, /.c. those whicli normally maintain the 

I j ^ erect position of tlic body and ofifiose tln^ action 

I Lon^ Int.N, of gravity (c.//. limb and liea-d extimsors, jaw 

I y raisers). In the decerelirab*. preparation, tbe 

I A. Short fnt N louscularbypertonus thus maintainsa position or 

j / 9>>^ ’ * jiostnre, /.c. tha.t of “caricatured or exag^rerat(‘.d 

II LDR standinir : the nieanin<; or finrpose of tone 

Ayl I y Q til us ! t‘vea]ed as a musvuhir vontradion which 

A wmnfaDis a position. The [)osition at anv 

moment will vary with t lie ficgrcc aiKhlistHhntinn 
VH.C. detailed study of df‘c(‘.rebrate 

rigidity gives a good deal of in.sight into the 
mechanisms res[>()nsible for muscle tone. 

^ Reflex Arc of Decerebrate Rigidity. (1) 

MUSCLE The muscle tone producing the rigidity is reflex 
in origin: in the hind limb, for example, the 
Fio. .‘?G8. Arcs rcspoii- rigiditv disapjiears on section of all the dorsal 

The affcinmt imyiulses concerned 
* ‘ ' do not come from tlie skin but from tlie muscles 

root; tendons : (i) removal of the skin ovi^r a limb 
c.i).j{. rrrvi<ai dorsal ncrsi- docs not affecl tlie rigklitv; (ii) if all tbe iitu*ves 
tell. Short ]Mt. siiori l”^d) are cut except tlie nerve to 

ioirintmlnm-m"!'’ '"‘sm;: toiio ill t.liat iniiBclc jMirsists; tlii.s 

sp. Tr , Ypstihiiiaspiiiai triirt. nerve Contains, of course, tfie afferent fibres 
NTiii, vlsVihiHariii^lonn^ ifoni the muscle as well as the efferent fibres to 

huiar'meK; KlkuuX- "'"'"‘‘I''- the dorsal iicrvc roots which 

Tr., retiniio.spiTia.1 traet. n*ceive trie alicrcnts from the quadriceps are 
cut, tout' in tile muscle disapiiears. Tone in a 
muscle t hus depends on afferent imnulstis from itself , i.e. tone is a proprioceptive 
reflex. 

(2) The, afferent impulses concerned are set up by the slight sireteh to 
whicli tlie various antigravity muscles are subjected ; if the stretching force 


MUSCLE 

Fid. .‘1G8. J^ellox Arcs rcsjioii- 
siblc i'or I Icforrltratt* 
ity ((..’hi). 

L.D.R., liiinhar dorsal iirrve root. 
V.N.H., ventral nrrvc root. 
C.I).]{., r«‘rvi<iil dorsal nor\f' 
root. V.H.C.. vrntral horn 
cell. Short Int. sliorl 
interneuroncs. I.tintr Int. N.. 
lonn inttrnifMirorn'.s. Vestih. 
Sp. Tr,, YPstihnIo.spinal tract. 
T)..V., J)fitfr.'»’ nnclcu-s. 
N.Vl n, VtrsMhular division of 
VInth norve. V.N., Vrsti- 
t)Ular niu'hiis. Kcth-nlo Sp. 
Tr., r('tini]o.spiTia.i trart. 
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is removed l)y cutting ofT the quadriceps ttuidon frojii its attachment to the 
bone, tone disappciars. Muscle tone is thus dm*, to a stretch n^tex (p. 588). [ 
Inq)iilses set up by stretch stimulate the ventral horn c(‘lls to discliargo to 
the muscles (joncenied. 


(3) l)<*cerebrate rigidity is a rel-ease. phenornriKm -; the mid-collicular 
trans(*ction removes the cendnal liernisfdieres leaving only part of the brain 
stem and the spinal cord in control of tin; musculature. It cuts olT the 
descending tracts from the cerebrfil cortex (both pyramidal and extra- 
pyramidal tracts), from the. dieiicephalon (globus pallidus, tiialamus, hypo¬ 
thalamus) and from tlie red nucleus and reticular nuclei ; as is exf/lained on 


\). 5113 some of these tracts normally increase, others decrease muscle tone by 
their influence on tlie lower motor neuron(*s. The rump '' of lower m*rvous 
>^v ^tem which is released by decerebration from itie mo(lilvinii influence o f 
ithe ingher levels produces reilexly the abnormal pattern of tone ^TiTch 


I constitutes dt^cergorflTfi hgiaiL v. 

I ■■ (1) If the trans-section is carried out further back, the rigidity jiersists 

until the u])]>er me.diilla is reached ; wh(*n the veslihalar nuclei are destroyed, 
th(^ rigidity disappears and is replaced by tonelessiK'.ss (liaccidity). 

(5) The complete reflex arc, ejj. for hind limb tone, is as follows (Fig. 
3b8) : Afferent fibres from the hind limb muscles enter the lumbo-sacral 
dorsal nerve roots and jiass directly to the motor neurones ; collaterals 
also })ass to short internuncials in the ventral horn. Ascending dorsal root 
fibres give collat(‘rals to intermincial c(*lls in higher segments of the cord which 
give rise to d(*scending long |)roprios})inal paths (that descend to the lumbo¬ 
sacral region). Still longer ascending fibres reach the medulla and pons 
and connecjt with the v(;stibular nuclei and the nuclei of the reticular forma- 


ti(jn ; from these C(dls, descending tracts arise, /.c. resfihulospinal from the 
vestiljular nuchu, reticulospinal from the reticular gn'V matter. The long 
pro])rios])inal and the tracts from tlie brain stem descend to end round ventral 
horn cells Jind the adjacent internuncials. After a, midthoracic sjiinal transec¬ 
tion, the stretch reflex set up in the hind limb muscles operates solely through 
s])inal (^(‘ntres and produces a weak contraction, mainly of flexor muscles ; 
in the decerebrate jireparation the basic spinal reflex is r(*inforced and modified 
by ini])iilses that j)ass through the ujqjcr cord and brain stem and descejid 
in the long jirojiriospinal, vestibulospinal and reticulospinal ])aths. This 
complex reflex arc, released from the influence of the higher levels, s(*ts up 
decerebrute rigidity. 

(G) The decerebrate posture in wan is shown in Fig. 372 ; a similar 
posture is seen in jirimates. 

Motor Neurone Discharge in Decekerrate Rkudity. —As ex])laiii(*(l 
on p. 502 each motor nerve inqiulse produces a singh* muscle action potential. 
The rate of discharge of an individual motor neurone can, therefore, be 
determined simply by inserting a fine needle electuah* into the related motoi’ 
unit (?‘.e. the clump of muscle fibres supplied by the motor neurone) and record¬ 
ing the muscle action potentials. The motor neurone discharge rate in 
decerebrate rigidity is found to be low, i.e. 5-20 jier sec. Now mammalian 
muscle stimulated at this rate passes into a state of partial tetanus (Fig. 
300) ; therefore if all the motor neurones were discharging synchronously 
at this rate, the muscles w’oiild be in a state of tremulous contraction and not 
maintaining a uniform tension as is actually tlie case. It is concluded therefore 
IQ* 
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that in decerebrate rigidity the motor neurones are discharging asyn¬ 
chronously ; at any instant the motor units are contracting out of phase 
and the algebraic sum of tlieir activity is a steady pull (Fig. dOl). The degree 
of tone in any muscle dejxmds on (i) the number of motor neurones in action 
and (ii) their discharge frexjuency. When fewer motor neurones discharge 
and at a lower frequency the resulting muscle tension decreases (hypotonus) ; 
when more motor neurones discharge and at a higher freqiKuicy, increased 
muscle tone (liypertonus, spasticity, rigidity) results. Still greater motor 
neurone discharge, further enhancing muscle tension, produces a movement. 

When skeletal muscle is maintaining tone, it does not fatigue and has 
a relatively low metahoJisni. The explanation is as follows : The tension 
exerted by tonic muscle is far smaller than that develop(‘d in the same muscle 
when it is stimulated at a high rate (e.g. 106 limes per second) through its 
motor nerve to produce a siniuUnneons and complete tetanus of all the muscle 
fibres. Thus the qiiadriccjis of the cat dev<ilo])s f> kg. of tension when 
maintaining tone and dO kg. when stimulated tetanically. As the work of 
tonic muscle is relatively small, its oxygen consumption (metabolism) is 
similarly low. Its unfatigability is due to the fact that it is possible to 
increase the l)lood How to the tonic muscle so as to supply it with its full 
nutritional requinmients. In the case of fully tetanized muscle, fatigue 
rapidly develof>s as it is not possible for the circulation to cope with the great 
demands of the muscle. 

Lencjthkntno a.vd Shohtentxo Keacttoxs. —(i) If an attempt is made 
to bend the knee of a decerebrate animal, considerable resistance is en¬ 
countered. The attempt increases the stretch of the inusch* and so elicits 
a further reflex contraction. But if one persists, the excessive stretch stimu¬ 
lates other, unidtMitified, receptors which reflexly inhibit th(‘ motor neuromas; 
their discharge then ceases, the muscle fibres relax, and the limb can be ])laced 
in any desired ])osition of flexion. This is the lengthe/ning reaction, so called 
because the muscle fibres have been reflexly lengthened.^ 

(ii) If, starting from the new flexed j)osition, the knee is extended again, 
it tends to stay in the new position ; this is the shortening reaction. Tin* 
mechanism involved is probably as follows : When the knee is passively 
extended and the limb support is withdrawn, the leg tends to drf)op by 
reason of its own weight; as a result a stretch rellex is set up and the additional 
tension of the muscle enables it to maintain the new ])osture. 

The shortenirig reaction is grafted on to many reflexes. Thus, if the crossed 
extensor reflex (p. 537) is produced in a de-nfferented quadriceps recording 
isotonically, on cessation of the stimulus, the tension is maintained for a brief 
period (after-discharge), and then rapid relaxation occurs (Fig. 309, d). If 
the afferents from the muscle are intact, when the stimulus ceases there is an 
initial slight decline from the maximum level ; the tendency for the limb to 
fall sets up reflexly a shortening reaction which results in the limb being 
maintained in its new ])()sition for a prolonged period (Fig. 309, a). 

Types ok Muscu.k Fihue Employed. In vertebrates no skeletal muscles 
are used exclusively in postures : the same muscle is used at diflerent times 
for movement or for posture. In any (iomy)lex movement some groups 

* Sherrijjgton has demonstrated the ))rese.iiec of inhibitory afferents in the nerves 
to the quadriceps ; if one of the four f)ranrhe.s which Rupply the muscle is out and the 
central end stimulated, the rest of the muscle is inhibited. 
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of inuacles are executing tlie riiovemeiit, wliiJe others are cliiefly inaiutaiii- 
ing a posture*. Thus, in the scratch reflex of the dog, three of the limbs and 
the head and neck an* kej)t in a characteristic postun*,, while the fourth limb 
carries out the scratching. 

There are tw^o iriaiji kinds of fibres in skeletal muscle : (i) red fibres, 
rich in sarcoplasm, with jioorly marked transverse striations, and nuclei 
scattered through the substance of the fibre ; the colour is due to the presence 
of mffohfcmofflohiit (cf. p. 204) ; (ii) pale fibres, with well-marked cross 
striations, scanty sarco|)lasm, and nuclei limited to the under-surface of 
the sarcohuuma. In addition, numerous intermediate types of fibre are 
found. They all have a similar motor innervation. In man, most muscles 



Tic. liUl). Shortening ll('actioii grafted on to Oossed Extensor Reflex. 

Records from uliove downwards are; tinio in secoinls; isotonic contraction of vastocrurcus; sipnal line show¬ 
ing by its dftM-«'nt jH«riod ui'sllmnlation of an’ereiit nerve in opposite limb to elicit crossed extensor reflex. 
a. Shows response of imisele with its own alferent roots Intaet ; (/, Same ninsrlu with filT'ercnts eut 2 hours 
previously. XoU? (in a) that following the after-discharge *’ plateau ” there is a slight deelino and 
tluin there is appended a prolonged shortening reaction ; this Is iihsent in d proving that the shortening 
reaction de})ends on proprioeejdlve impnistfs from the responding muscle Itself. (Sherrington, 
Quart. ./. C.//;. 


contain a mixture of both red and pale fibres, though the red predominate 
in some {e.g. soleus), and the pale in others {e.g, gastrocnemius). Probably 
the red fibres are better adajited for maintaining postures and the pale for 
executing rapid movements. The red fibres are more primitive in structure 
and function ; they contract slowly after a longer latency, the duration of 
the contraction being three times that of the more quickly acting and more 
highly difl’erentiated pale fibres. Fibres of similar speed of contraction 
generally form a group which is sharply delimited from other groups; the 
deeper muscle “ heads are usually composed of the more slowdy contracting 
red fibres. These latter have a lower threshold to stretch than the pale fibres. 
They probably come into action or alone when mild stretch is employed ; 
but with greater stretch the pale fibres come into operation too. On the other 
hand, the faster acting pale fibres would be used first during movements. 
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Ordinato : Muscle tension in ta., TGl^umT|.i.itod; M-lunervated Muscle; l|-l*i»a- 

Respovse of Denervated Muscle. -If r fiaraly^ed muscle with the 

4rS£ft£S?S5iS2i;;L 

Sd in the decerebrate preparation, is also obtainable m the thalamic 

“‘^(itxVhen^bf "ueteh is applied, rapid development of tension occurs. 

I Liddell and Sherrington Pm. roy. Soc. B., 1925, 96. 212 j 97, 267. 
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While tlie stretch is maintained, a fairly steady tension is ke])t uj), e.g, for 
30 minutes, without fatigue. When the stretch ceases, the muscle relaxes. 
Muscle thus rctlexly resj)onds t(» stretch by an active contraction, which 
aiitiigonizes the stretching force, produces equilibrium, and so ju'events 
furtlicr (ilongatiou of tlie muscle. 

(iii) The stretch reflex can still be obtained after cutting away the tendon 
and attaching the muscle directly to the myograph; obviously, then, the 
rtdlex can be set u]) by muscle aflerents ; it is probable however that normally, 
affere.nts from tcuidoii are also (loncerned. 

(iv) If the <juadrice|)s is divitled into four segments, only the part which 
has be(m stnd.ched contracits ; the resj)ouse is 

thus intensely Inr/tl in cliaracter. Kg — 

(v) Ty|)ica] stretch reflex(‘s an* a property 3 - I ~ 

of th(‘ (intigravilg muscles only ; stretch of the I 

fl(‘xor muscles gives rise to a short-lived Vivitch- j I 

like res])onse, but not to the characteristic 

maintained contraction. 2 “ K _ 2 

(vi) The* stretch reflexes may be readily I - 3 

inhibited, e.g. by stimulating any afferent I MM 

nerve in the saim.^ limb, or by pulling on the * 

antagonistic fh*xor muscles, even while the I " f ^ 

stnU'Chiiig forc(‘ is being applied. ^ J 

(vii) The stretch ndlexes vary with the j. J 

initial state of tone in the muscle under 
I ,• T J.I 1 • n 1 u i ,111 nil I i i I 

observation : thus, il the (juadrice])S is ^ q,| 

stretched while it is under reflex inhibition, „ , ,, 

it gives the response characteristic of paralysed xmeiimr ^Insclc. (Liddi^ll 

muscle. \l the (]uadriceps muscle is reflexly and Sherringion, Pror, roy. 

caused to contract (by eliciting the cross(‘d Nor. 1924.) 
extensor reflex), and is then .subjected to ordinatea: Musde ti-nsion in k«. (ii*n- 
stretch, it pvi's a larfier response than a (riKhi-hiiiHi siai.'). 

restinL' inusele (Fie. 371). The exnlunation is fren.. ai...v,. dowiiaards. 

that a given degree oi stri'te-h (*licits a greater m -inuscic ti'uskm. 

.liseluiiie of impulses from tlu- receptors in a 

et»ntrael.ed tlian in a relaxed muscle. contraction (crossed c.\tcnsor rcjirx» 

. ..-v X il *7 • 1 il i I t, 2*;') mm. stretch (nsjld-liand 

(vin) In the spinal animal, the stretch .sc-aio ajijiiied (shown on line n 
reflex is considerably modified ; stretch of tin* 

quadriceps onlv jiroduces a transient and not Time in o i second. Tciuion movc^ 
a sustained contraction. The respon.se resembles **"'‘“'* 

the familiar knee-jerk, which is simply a fractionated or abbreviated stretch 
reflex. 

(ix) Ill the chronic spinal animal (for man cf. ]). ()93) sustained stretch r<‘- 
flexes can also be elicited. This last observation proves that the stretch 
reflex depends essentially on a spinal reflex arc. But the fact that stretch 
reflexes are so much more readily and strikingly elicited in the decerebrate 
animal demonstrates that these reflexes (as explained on p. 585) are reinforced 
(facilitated) by impulses corning down in the long propriospinal, vestibulo¬ 
spinal and reticulospinal jiaths. 

Positive Suppokting Reaction.-—D ecerebrate rigidity basically depends 
on a harmoniously operating group of stretch ref er^'S. These highly localized 
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reflexes produce contrfirtion of the auti<;nivitv niiiscles and reciprocal iv- 
liibitiou of the fintiif^omstic inuscles. The resulting ])ostnT(* is reinforced and 
modified by the positive supporting reaction ; this is a nmiarkable irradiating 
reflex which produces fiiwultancoas contra-ctioit of {‘Xt(‘nsors and flexors of a 
limb converting it into a solid rigid pillar, well adapted to maintaining the 
body weight. The positive su]>porting reaction, for some unknown reason, 
is most easilv elicited after complete removal of tlu^ (‘('rebellum. The pro¬ 
cedure is as follows : press against the pads of the fing(*rs or toes and dorsitlex 
the hand or the foot : the atferent impulses arise from the stimulated skin 
and from the muscles (mainly the interossei) which are stretche<l. All the 
nruscles of the Umh rejlexly contract} i.e. both the yirotagonists and t he antag¬ 
onists. In this instanci' there is reciprocal contraction of the antagonists 
(cf. p. blit). 

The })ositive su])porting reaction is readily abolished as follows : ])assively 
flex the digits and hand in the forelimb, or j)lantar flex the toes in the hind 
limb. As a result, all the muscles in the limb are rtdh’xly inhibiterl and the 
part becomes loosened and free to be em])loved in the execution of movements. 

The decerebrate stance is thus maiiitainetl as follows : When tlie 
decerebrate animal is put on its legs, the knees tend to bend under the weight 
of the body : the consequent stretch of the (|uadri(*e]»s rellexly sets up its 
contraction, which is maintained so long ns gravity is acting ; and similarly 
for the jiosterior neck muscles and the other anrigravity muschvs. Positive 
supporting reactions are set uj) from the feet in tin* way already described. 

S.KOMEXTAL St.\TJ(' Uk.xCTIO.ns.* TIm‘ decerebrate animal also possesses 
reflex mechanisms for adjusting the position of om* limb in relation to 
alterations in the state of another. The crossed extensor reflex (p. 537) is a case 
in point; imjiulses from oik* leg rellexly yrroduce extension of the opf)osite 
limb. Another example is the shifting reaction : lh^\ (say) the right limli and 
allow the body to veer to the rigid ; owing to stretch of the adductors of the 
left limb, the right limb is rellexly cau.sed to (‘Xteiid.'^^ 

Attitudinal Reflexes in the Decerebrate Preparation.’* The above 
discussion shows that the postural activities of the decerebrate* ]»i(*paratiou 
represent a great advance on those found in the spinal preparation. The 
j.)osture is now a co-ordinated one of the wliole body instead of being limited 
to the hind limhs (or to all four lind>s in a high spinal transection), and 
the degree of tone is adequate to maintain the upright position. We shall 
now’ see that in the decerebrate animal the posture of the trunk and lind)s 
can be adjusted : (i) in accordance with alterations in the position of the 
head i)f spaee, and (ii) by chanyincj the position (f the head relatire to the trank. 
In the first case the afferent impulses arise solely from the otolitli organ 
of the vestibule (tonic labyrinthine reflexes '*) ; in the second cas<* additional 
afferent impulses come from the neck muscles (tonic neck reflexes^). The 
new position rellexly imposed on tlm body })ersisls for as long as the new^ 
position of the head is maintained. 

^ The extensor thrust reflex (p. filM) inny represent a “ fragment ’ of this more general 
reaction. 

* Stret(;h of the quadrieepH also eanses l•ont^aetion of the (>p])OHite qua(lrieep.s (Flullip- 
HOn’s reflo.v) ; <?.</. forcf'd flexion <>1'nne lr</ at the knee* eanses extension of the opposite 
leg and foot (cf. p. t)94). 

* Magnus, Kdrpe.rstellunq, Berlin, 1024. 

* i.e. reflexes from labyrinth or neck respr.'tively whi»h modify tone or post me. 
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(1) Tonto Neck Reflexes. —To study these separately, bilateral extirpa¬ 
tion of the labyrinths is carried out. The neck reflexes are set up by alterations 
of the position of the head relative to the body. 

(i) V^entroflex the head : the fore limbs flex and the hind limbs become 
more extended. 

(ii) Jforsiflex the head : the fore limbs extend and the hind limbs fl(‘X. 
The purpose of these re.sponsf\s seems obvious: the position of the body is 
being adapted, e.y. “ for looking under a slielf. or looking up to a shelf.” 

(hi) Press ventralwards on the lower part, of tlie cervical vertebral column : 
all four limbs Hex (vertebra prominens rejiex), as “ in an animal crawling into 
a hole.” 


(iv) Rotate or incline the bead in various directions : to sinijdify descrip¬ 
tion, the limbs on the side to which the jaw is turned are called “ jaw limbs ” ; 
the limbs to which the vertex is turned are called “ skull (or vertex) limbs.” 
In general it may be said t hat the 
jaw limbs extend (to support the 

weight of the head) and the skull K'xJ \ ) ( ) 

limbs flex. 

The centre for reflexes (i), (ii), ///^\\ Ii // /\ 

(iii) is in the up[ier cervical region Vf Ao / ) (vA ( h A \ 

of the s])inal cord ; the ahereni: W \ ({/ \ r u\ 

impulses pass in the dorsal roots [x ./ 1 //( . ‘ l\\ 

of C and come chiefly from the j V I /j I L 4 I (\ 

muscles of the back of the neck. \ 1 / \ -if • / ^ 

The descending ])aths are the long rAf 1 IW / 

{)roprios])inal tracts (Fig. ,*373). ) \)' / 11 / / 'I 

The centre for (iii) is in the lower 1)1 (111 ( j 

cervical region, W] jj / 

(2) Tonic Labyrinthine Re- /111 j \ 

FLEXES.—'J’liese are studied after >J(J (J) 

section of the dorsal nerve roots ,, . r r • • . . 

1 o, - I . rid, .{#2. resfurt* oi Linios m i)(‘(u)rticafe 

oi C 1, 2, d or afteT iminolulizmg ]Han, and the Kffeet upon fhem of liotation 

the head, neck, and upper thorax (,f the Head. (After W'alshe.) 

by means of a plaster jacket (to 

prevent neck reflexes from coining into play). The labyrinthine reflexes 
are due to alterations in the position of the head relatire to the horizontal plane, 
(i) If the animal is placed in the supine position, maximum tone is present 
in the antigravity muscles, (ii) In the prone po.sition, with t.lie snout 45° 
below the horizontal plane, tone in the extensor muscles is reduced to a 
minimum : in intervening positions intermediate grades of tone are present. 
The purpose of these reactions is not very clear ; they disappear aft er section 
of the vestibular nej vt\s. 1’he recc}>tors are in the otolith organ as shown by 
the following ex])eriment. If an aiiavsthetizcd guinea-pig is ctmlrifuged at 
high s|)eed, tin* otolithic nuunbraiies are detached (as proved by microscopic 
examination), but the ampulhc of tlie semicircular canals are. unharmed : the 
labyrinthine reactions are, however, abolished. Alterations in the position 
of the otoliths (cf. p. 598) thus reflexly modify tone in the muscles of the 
limbs. The centres for the labyrinthine reactions are the vestibular and 
reticular nuclei ; the descending tracts employed are the vestibulospinal and 
reticulospinal (cf. Figs. 368. 373). 
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After unilateral labyrinthine extirpation (p. 601), the unopposed activity 
of the intact otolith organ results in Ilexion and rotation of the head to the 
side of the lesion ; this in turn evokes secondary modifications in the j)()sition 
of the limbs through the o])('ration of the neck rcfh‘x. As a n'sult the jaw 
limbs extend and the skull limbs show diniinisiKul extensor toru*.^ 

The attitudinal reflexes can Im^ easily demonstrated in normal animals and 
man wliere they are carried out Juore smoothly because the flexor muscles 
also participate in the reactions. A cat sees a ])i(^ce of meat in the air ; the 
head extends, the fore limbs extend, the hind limbs are unallected or flex, 
but can be suddenly extended when the animal wants to spring. 

Posture in the Decorticate Preparation. —The whole cerebral cortex 
is nnnoved but the basal ganglia and the brain stem are hd't intact. The 
posture adopted by such a decorticate preparation vari<‘S with the s})eei(?s 
and tlie conditions under which the animal is examined. 

In the dog or cat the posture wdien the animal is on its feed, is a normal 
one (unlike the exaggerated standing })osture of (hTcrebrate rigidity) ; muscle 
tone is, therefore, normally distributtHi and is ])resent in appropriate measure 
in the flexors as w-ell as in the antigravity musedes ; walklofj movvmvmis can 
be refiexly perfornuid. If tlu^ preparation is suspended in the air, strong 
hyperextension of the limbs develops. In the decorticate monkey, how'ever, 
tone is gravely disturbed ; there is full extension of the hind limbs and a 
semi-flexed posture of the fore limbs ; w’alking movements do not occur. 
The findings in de(‘()rticate man are very similar and are illustrated in Fig. 
372. The legs arc? fully ext(*iided : the arms lie across the chest, semifiexed 
at the elbow’s, tin*, forearms slightly pronated, and the WTists and fingers 
flexed. 

In decorticate man typical neck reflexes can be elicited. When the head 
is rotated to the right, the right arm extends at the (*lbow' and becomes 
abducted ; the left arm becomes fully flexed with the hand touching the neck ; 
the right leg is extended and the left leg is flexed (Fig. 372). The usual rule 
is follow^ed here : the skull limbs flex and the jaw limbs extend. The human 
decorticate ])osture is of great interest because an almost identical postare 
of the arms and leqs is found in fiernifdcgia (p. 642) ; it is probably largely due 
to removal of tie* influence of the inhibitory pathway arising in the cortical 
suppressor band 4s (cf. j), 623). 

Righting Reflexes in the Decorticate Preparation. —lly means of 
the righting reflexes the decorticate cat or rabbit can bring its head right 
way uj) and g(»-t the body into the erect position under all circumstances. 
If the animal is laid on its side or on its back, the head af once rights itself, 
the body follows suit, and finally the animal resumes the upright po.sture. 
The decerebrate animal, though it can remain insecurely in the upright position 
if i)ut there, can never actively assume that ])Osition. The righting reflex 
consists of a chain of reactions following one another in an orderly .sequence 
as each reaction produces its successor. 

1 When tonic Jahyrinthirie and nock reflexes are simultaneously evoked, they produce 
the algebraic .sum of the s(iparate resjionscNS. Thus, if 1 he head is dorsiflexed in a decere¬ 
brate animal (with intact labyrinths), labyrinthine imj)uls(*.s produce increased tone in 
all four liml)s, wdule the proprioceptors from the neck tend to extend the fore limbs mid 
Ilex the hind limbs. The actual result observed is extension of the fore limbs (as both 
reflexes tend to increase extensor tone) and little change in the hind limbs (because the 
two reflexes are exerting antagonistic influences). 
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(1) Labyrinthine KiaiiTiNG Reflex- With the aniinars head in the 
lateral position ini])ulses arise in the saceailes which lead redexly to righting 
of the head. 

(2) Rodv Righting Reflex. With the animal on its sidc^, the sid(‘. of the 
trunk in contact with th(^ bemdi is undergoing constant stimulation, while the 
other side in contact with air is not. This asymmetric stimulation of the 
d(M*p structures in the body wall also relhixly rights the head. The heat! can 
thus be righted even after double labyrinthectorny. 

If a lahf/rivthless animal is laid on its side and a weighted board is placed 
on the upj)er side of the animal so that equal stniams of inipuls(\s pass u]) from 
both sides of the trunk, the head falls back into th(‘ lateral j)osition. 

(3) Ne(^k J{i(;iiting Refj.ex.— The ndlexes just described act primarily on 
the neck muscles and right the head. The trunk, however, remains as before, 
in the lateral j)Osition, so that the ne(‘k is twisted. This evokes a furtlun- 
reaction -tlie neck righlhiy rejiex —which brings the. thorax and lumbar 
region successively into tin; upright position. If righting of the head is pre¬ 
vented, impulses from the body surface may cause righting of the body 
dinctly. 

(I) Limes. —The af)propriate ]) 0 .sture of the limbs is largely attained by 
impulses arising in the lirnl) muscles themselves. Tlui righting reflex can be 
well demonstrated in the intact cat if it is blindfolded and dropped with the 
legs pointing iqiwards. The cat turns itself round with great speed and 
alights gently on all fours. 

I The chief centre for this grou]) of righting reactions is in the neighbourhood 
of the red nucleus {Fig. 373). 

(5) Optical Righting Reflexes.. In animals with the calcarine cortex 

intact, righting of the head is also brought about rellexly by means of optical 
impulses. In the intact cat, dog, or monkey, after denervation of the laby¬ 
rinths and the nock mu.scle.s, righting cannot take place if tlie animal is 
blindfolded, but is successfully carried out if the eyes are o|)en. The centre 
for the optical righting reflex is in the visual (calcarine) cortex, whence 
impulses })ass ultimately to the neck muscles to right the h(*ad. In man the 
/ optic righting rellexes are far more important than tlie laliyrinthine. 

General Regulation of Posture. -Posture is determined by the degree 
and distribution of muscle tone, i.e. of muscular contraction ; it dejieiids, 
therefore, on the pattern of discharye of the motor neurones which supply 
the muscles. Motor neurone activity maintaining tone is reflexlv regidate d. 
the basic ST ^jnaT reflex fstretch reflex) Ixung rcmlorced and mociincd liy the 
positive supporting reaction and oth(*r reflexes considered on pp. 58^)-593. 
When longer reflex arcs arc available through the brain stem and basal 
ganglia, the more complex and ellicient po.stures of the decerebrate and 
decorticate preparation a[)|)ear. Aff’erents which modify the discharge 
of the centres which give rise to the long projiriosjunal, vestibulospinal or 
reticulosjiinal tracts, reflexly modify posture ; hence the adjustments of 
posture ]>roduced by neck refle xes, l ahyrinthim^ reflexe s and ri gjiting 
That the cerebral cortex, thr?)Ugh its projection fibres, modifies posture is 
clear from the occurrence of optical righting reflexes . Two groups of fibres 
arise in cells in the brain stem and descend to end at the spinal motor neurones : 
some are facilitatory (e.g. reticulospinal fibres, vestibulospinal tract) and 
increase muscle tone, the others (e,g. other reticulospinal fibres) are inhibitory 
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and decrease muscle tone. The nuclei of orij^in of these fibres in the t>rain stern 
are acted on by vnrhellar oifi'reiits which thus modify tone. The inhibitory 
pathway is controlled by the sii])|)ressor bands in the cerebral cort(*x ; removal 
of the suppressor area 4s or decortication results in sy)a.sticity and abnormal 
postures (p. 624). The facilitatory pathway is controlled by cortical area 6 


CEREBRUM 



rio. 373.—r»egulation of Pf)stiire. 

Thai., Thfilanius, I’yr.T., Cyr.Tinlclal trnct. U.N.Oh-d niirl«»ua. Uffc.N., 
or I'fticiilar iornmtioii of brain .stoin. T).N., DciUns’ nucleus. 

V.Ventral horn cell. (For more details sen FIkr. Mf»7, tJOS, US4 
4(H), 408, 124, 42r>.) 

whence fibres pa.ss to r(‘lay in tin? globus pailidus, thalamus and hypothalamus 
to end in the reticular nuclei (p. 62i)). 

^ Regulation of normal posture in the intact animal depends on t he integrated 
of all the reflex mfxharns ms. ^ which reference has iust been m^e 
(J’ig. ^ach ventral horn cell Is a ^oiiVblgimcw jjuiJlt, on it converge 
fibres from many dorsal nerve roots and descemding fibres from all levels of 
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the bmiii and s])inaj cord. t Soine of tlicBe urn ^vr»irufYt|»y o tjiers are 

inhibitory to tlie motor neurone ^ When the activities of all these converging 
paths are ])ro|)erly co-ordinated, normal posture results ; if any contributing 
j)Mth is destroyed or I’liiictions abnormally, posture is deranged, often in a 
manner so cliara-cti'ristic us to Ije of great diagnostic value to the clinician. 
Finally it must ]«• emphasized that posture is the basis of movement ; all 
^verne nts start and, en d in a. posture, tli ey trrow out of a posture ^ and return 
to it^ 

Mechanism of Standing in .Man.— Tin* comfortable stance of a normal 
man is quite unlike the imjaniect caricature of standing displayed by a decere¬ 
brate cat ; it is hardly surprising to find that the detailed mechanisms 
eni])l(>yed diller tlicjiigh rundaTnental similarities ])ersist. The Jictivitv of tlie 
muscles in tnan ean l>e con vctiicntly studied by : (i) insp(*clion ; (ii) pal])ation; 
(iii) the use o{ ,^uri‘acc (>jectrodes nia ced on suitable |)arts of the skin overlying 
the itiuseh*s whieh arc being exaniin(‘<l (Fig. 420) ; (iv) concentric nee dle 
electrode s insert(*d int.(» tiu' musch‘s (p. (VIS). Using tli(‘se methods it can be 
shown that when a man is (‘cmfortably balanced in the u)>right ])osition tluue 
is nunarkably little activity taking place iri tlie nms(;les of th(‘ trunk and 

I thighs (Fig. 121). The exphuiation of this surprising finding is that 4lic 
dispositi on of the sk(‘leton, the ligaments and t in* soft parts is such that a 
woninitan/ insennr fialance^can be maintained jmsslre lf./. This passive erect 
posture in ilii* absence ol aU muscular activity is, as stilted, momentary an d 
insecur (\ and the person would immediately fall if muscular activity did not 
(Tevthqi. (A jierson whose* inusch‘s are paralysed cannot stand.) Ibii. as 
soon as the man begins to fall, reflc.x com]>eusatorv muscular veaetiuns set in 
wliicli nestore the state of balance ; the muscular contraction then ceases till 
tlie next deviation from the erect position occurs. A standing Tuaii can fal l 
jn any direct ion : forward s, b atik wan Is or s id^^wuv s. The muscles which 
0])])osc the fall are acting as antigravitv muscles ; depending on the direction 
of the fall, any of the muscles of the trunk or legs act as antigravity muscles. 
Thus when the body sw'ays forwards tlie extensors of the trunk and the flexors 
of the leg contra(*t siitheieiitly to rest(m» the balance ; when th(‘ sway is 
liackwards the reefi abdominis and the leg extensors contract; when the 
sway is sideways the contralateral external oblique muscle responds (Fig.^ 
423). JJhese res ponses are retlexly prodncin i. jiartly as a result of^impulse s 
frtmi ^trctch nHMq)t ors in the trunk and le gs and partly from tlu* ree. e 4 )tors in 
t^ hea d, mainly the ev (»s. ]t is a common ex]ierienco that with the, eves 
cTos<*d tlie upright stance; is les.s ste*ady and that more swaying of the trunk 
occurs. This observation shows that visual afferents are concerned in the 
r eflex tnaintenan ce of the upright stance itl man . 

^I’liese questions are considered further on p. (150. 


THE VESTJliin.AE APPARATUS ^ 

The vestibular ap])aratus (labyrinth) is a comjilex sense organ which is 
stimulated by (a) gravity and (h) rotation movements. It plays an important 

' Or as the CluiieN<* would sav, “ a perfect Yiii-state. paN«0K over into now Yang- 
activity.'* (Toynbee, A Sfudi/ nf History). 

'■* Magnus, Korpersfrltvng^ Berlin, 1024; (Vooniaii Ijoclun*, roy. Soc. />., 

98, .339. 
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role in postural activity: it gives rise to afferent imimlses which refloxly 
adavl the poxitio-n of the hwik and limbs to that of the head and enable the crec/ 
positian of the he-ad and the, normal attitude oi the body to be maintained. 
Impulsos from the vi'stibule also reach tlie cerebral cortex and siibs(*r\e the 
recognition of the position and movenumts ol the head. • ■ i 

Anatomy. —The vestibular apparatus consists of tjie tliree semicircular 
canals and the otolith organ (the saccule and utricle) (hig. d74). 

(i) The canah are the lateral (liorizontal), sujierior, and posterior, each 
being in a different plane at right angles to the others. The left sujierior 
canal is in the same jilane as the right ]>osterior canal, and vice versa. .Ihe 
membranous canals contain the endolyinph and are enclosed in bony canals 



Fig. 374.—.Anatomy of Vestibular Apparatus. (Modified from Hardy, 
AhuL Rfc.y 1034, au.) 

]S .Vfstil). — vestibular nerve. 

X.Coch. --coehlenr nerve. 

Gann. Starp.: Scarpa’s (vestibular; panglioti. 

Caiip. Cucli.: cochlear panpiion. 

Utric.= utricle. 

Sacc." »ac( ul(\ 

Sup., ro.st., l.af. - .‘superior, posterior, and lateral seniicirciilar ranuls. 

Sac. end.- .saeculus eudoiyiiipiiaticus. 


from which they are separated by the })erilynij)li ; each canal commences 
as a dilation or anijnflla, containing a projecting ridge, the crista. The canals 
open into the utricle liy means of five apertures, one b(ung common to the 
superior and posterior canals. 

(ii) The utricle coiiiniijnicat(\s with the saccule by means of tin* ductus 
endolynifihaticus. Both the saccule and utricle contain a proj(‘cting ridge, 
the macula. The canalis reunions unites the saccuh* and the du(;t of the 
cochlea. 

Structure of Crista and Macula.— Tlie crista and macula are the 
specific receptors of tin? vestibular apparatus and have a similar structure. 
Covering the ridge is a tall eolumnar ejutheliurri (hair cells) giving attachment 
to long stiff hairs which project into a firm gelatinous material, the cupula 
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terminalis (Fi^. 375). Btitween the hair eells lie the fibres of origin of the 
vestibular division of the eighth nerve. 

(i) In the canals the cupula rises to the roof of the ampulla, acting 
as a movable partition wiiich divides the ampulla into two comr^artments 
(Fig. 377). 

(ii) In the saccule and utricle the cuf)ula contains many chalky particles, 
the otoliths, hiuice the name the otolith organ. When the head in man is in 


the normal erect ])ositi()n, the macula of 
horizontal plane, with the cupula, hairs 
the macular e])itheliuni ; the macula in 
each saccule tluni lies in tht^ vertical 
plane, with th(‘ hairs and otoliths 
projecting horizontally outwards into 
the cupula. 

Central Vestibular Connections.- - 

The nerve endings in the maculae and 
cristas continue as nervci fibres which 
have their cell bodies in the bij^olar 
cells of the vestibular yanylion ; the 
central axons of the, vestibular nerve 
enter tlie medulla ventral to the restiform 
])()dy (irderior [K'duncle) and dorsal to 
the descending root of the Vth nerve. 
The axons divide into ascending and 
descending branches which end in four 
nuclear masses: (i) The large medial 
(princi])al) nucleus in the pons and 
medulla; (ii) the descending nucleus 
assofiiated with the descending vestibular 
fibres; (iii) the superior nucleus (of 
Bechterew) at the level of the VI th nucleus; 
(iv) the lateral nucleus (of Beiters) in the 


<‘,ach utricle is approximately in the 
, and otoliths rising vertically from 



low^er pons. For all practical purposes Fic. :57r». —{Structure ot Crista of'Ampulla 
these four nuclei can bo treated as a utSemiciifular Canal. (After Cam is.) 


single functioning entity. Some vestibular 

fibres j)ass directly to the flocculonodular lobe of the cerebellum (Fig. 382). 
Fibres from the vestibular nuclei pass 

(i) to the paluiocerebellum of both sides via the restiform body (Fig. 383.\). 

(ii) directly and via the cend)ellum to the red nucleus and thg nuclei of 
the reticular formation in the brain stem (Fig. 373). 

(iii) in the median longitudinal bundle to the oculomotor nuclei of both 
sides; 

(iv) via the medial lemniscus to the opj)osite thalamus and thence to the 
opposite tem])oral lobe; 

(v) down in the vestibulospinal tracts to the ventral columns of the spinal 
cord to end directlv (and also via short interneurones) round ventral horn 
cells (Figs. 367, 368;! 373). 

Mode of Action of Otolith Organ (Saccule and Utricle).— The 

maciiUn of the saccule and utricle are stretch receptors, the effective stimulus 
being the pull of gravity on the cupula and contained otoliths and hairlets ; 
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the hair cells are thus deformed with resulting stimulation of the nerve 
filaments which lie between them. As might Ix' expected the saccules are 
affected by a lateral tilt of the head ; thus if the iieail is tilted laterally to 
the right (to rest on the. shoulder) the cu[)ula of the right saccule hangs 
dowmvards and pulls on its macula which is niiiximally stimulated ; tiie 
cupula of the left saccule points upwards and '* n'sts *' on tin* macula, this 
being the position of minimal stimulation of th(‘ nerve tmdings. Ventral 
or dorsal flexion of the head (fore and aft tilt) affects th(‘ utricmlar macula*: 
with the head erect the cupula* in tin* utricles point upwards providing a 
minimal stimulus ; when the liead is bent well forward, or back, the cu|)uhv 
arc pemh'ut, pulling on the macida* and so .stimulating them maximally. 



Fig. 376. —lle.sponso of Gravity Reeoptors (Oto¬ 
lith Organ). Relation between tilt, of head and 
frequency of iiiij)ul.ses in ve.stibular nerve. 

(After Adrian, ./. Physiol^ ]94.‘>, JO I, 393.) 

Decerebrate cat. The ilegree of lateral tilt of the l)'a<l is 
.shown in the upper Uiaj^nuiis. 'I'he jinpnlsc.s were 
recorded from the right nerve while the head was lieinc; 
tilted to the right (i.e. rwht cheek down). A.s the tilt 
was irnTea.sed the jTii(>ul.se frefineney ro.se cnrre.spondiii;»ly. 

WUien the head was tilted to the left, the discharge in the 
rigid nerve ceased. 

Action potentials can be recorded in the. appropriate branches of the 
vestibular nerve or in its nucleus in the medulla. A tilt of as little as 2*5® 
stimulates the appropriate maculae ; as the tilt increases the frequency of 
the discharge progressively rises (Fig. 376). The general law of the receptors 
thus applies here, that the frequency of the inijudse stream is directly related 
to the strength of stimulation. If the head is kept in any ]>artirular position, 
the impulse discharge jiattem persists for as long as the position is main¬ 
tained, except for some slight reduction in the discharge rate ; th(‘. receptors 
thus show little adaptation (like the stretch receptors in muscle and tendon, 
p. 551). 

Mode of Action of the Semicircular Canals.— An old experiment of 
Fwald illustrates how the semicircular canals are stimulated. Bore two boles 
in one bony canal (in a pigeon). Stop the one farthest away from the ampulla 
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with auial^^am so as to block the TjK'inbranous caiiaJ cr>in|)leteJy. Through 
the second hole introduce a rubber tube into the fierilvinph ; when air is 
gently bh»wji down this tube the inembranous ejinal is conipressed and the 
endolyinph moves in the oidy directior) it e.aii do freely, nnrn(‘ly, towards 
the ampulla. As a result nerve impulses are set up as judged bv a residting 
reilex movement of tlie head and eyes in the plane of the canal and in the 
direction of th(‘ endolyinph current. 

Direct observations have been made on tln‘ (‘Xj)os(*d semicircular canals 
in fish ; a drop of oil is introduced into tin* canaL 1 |j(* fish is rotated, and the 
ladiavioiir of the cupula is watcIuMl. As tin; rotation begins the endolvmph 
in the canal moves, as shown by the shift in tiic ]>osition of the drop of oil ; 
the cupula, which rises up as a sejdiirn compiet(‘ly dividing the ampnlla in 
twx). becomes beiit over in the direction of the endolyinph movement to 
an angle of up to (Fig. '177). 

The elliHaive stimulus to each amjmlla is rotation of tin* head in the ])lane 
ol its canal. ('onsider the case of rotation of the head in the horizontal plane, 
in the direction of the arrows as 

shi»wn in Fig. d7>>; the hd‘t ampulla cupula ^ 

is “leading" its canal while the v. ( 

right ampulla is “ trailing " behind I \ \ 

its canal. As the endolynifili ^ \ l utricle 

possesses inert la it does not move ^ c 7^ ' 

a.s fast, initially, a.s the canal in ' 

which it is contained ; thus in a -^ |||j —- - 

short-lived rotational movement of ampulla Ii'i'i!!! 

the head (c.i/. one or two turns) 
the endolvmph lags liehind; this is , r 

<K,uiv,ilcnt to a How in the, reverse 1 

dilution from t.liat ol' tlic head . ' 

movement. Iii tlie^ i‘xpenment 

illustrated bv Fig. o7S tin; initial coiuphitiy hitnk- ih<' Miiipiiii!i. of tiu* 

endolym])h movement is tliu> lu Mvint: j.> .,rihr m.joiyiupii. 

towards the right ampulla and away 

from the left ampulla ; both cupula* presumably swing to the left. Action 
poti'iitials led off from the apprnjiriate nerves show that tin; fro(|Ucin v of 
the im])uLses from the right ampulla is increased whih* that from the left 
ani|)ulla is d(*creased : i.e. in the (‘ase of the latiTal (horizontal) (finals, the 
“ trailing" ampulla is stimulated while the “ k*ading ' ampulla is de.jucssed. 

The stimulus to the crista; is obviously due to tlie swing of the cupula 
set up by the endolyinph ; it seems that a swing in a certain direction in 
any (;anal incr(*ases the stimulus to the nerve endings, while a swing in the 
o])posite direction in that canal decreases the stimulus to the nervi* endings 
The combination of increaseil imjiulse discharge, from one ampulla and 
decreased iinjiulse. discharge from the other, may form the basis of the 
interpretation of the direction of the iiiovenient. The degree of alteration 
of the fre(]ucncy of the iin])nlse discharge is directly related to the rate of 
acceleration of the rotational movement. 

As the rotation is continued the endolympli takes up the same rate of 
movement as its canal ; the cupula, by reason of its owm elasticity, then 
returns (in about 30 seconds) to its original nesting position, and the resting 
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nervous discharge is resumed (/.e. the discharge in the “ fUJtive ” ampulla 
decreases and that, in the “ depressed ” ampulla increast^s). On cessation 
(or dcceh'ration) of tlie movement, changes which are the reverse of the initial 
ones, occur. Tin* endolymph, hy reason of its momentum continues to move 


after the canal has come to rest: tlius ij 
numt, the endolym])h will continue to 
arrows, i.e. to the right; the cupuhe w 




1 Fig. 378 on c<‘ssation of head move- 
llow in the direction shown hy the 
ill swing to the right. As this is the 
0])posite direction to that at the 
beginning of the movement the 
subjective imjuession will be of a 
movement in Uie reverse direction 
to the previous rotation. Finally 
the cu])ula‘ by reason of their 
<dasticity, regain their resting 
position, and the sense of movement 
eeas(*s. 


Fk;. .T78.- PiagnuTi to 
Action of Jjatcral 
circular Canals. 


illustrate jVrtule of 
(Horizontal) Scini- 


The arrow sli<»\vs tho dircotion of inovenient of the 
heail. The rifjclit aiapulla ih Ktiiitulated : tiie 
nervous (lis(?harj:t* fnun the left aiiipulia is 
(k'creused. 


The vertical posterior canal acts 
similarly e.xcept that for some un¬ 
known reason the ampulla which is 
leadivq is stimulated (Fig. 37ii, B) ; 
the details for the vertical superior 
canal are uncertain (Fig. 37li, C). 
The left sujicrior and the right po.sterior canals act as a functional })air, as do 
the right superior and the left inferior canals. W ith the head at rest there 
is a steady “ spoiltafieons ” discharge of iiny)ulses from all the six amj)ulhe. 
Characteristic modifications of this discharge pattern are set up hy rotatory 
movements in any din^ction. 

It must he rej)eated that the semicircular canals give information about 
viovementSf the otolith organ about the 'position of the head. 




Fio. 379.—Direction of Rotation which Stimulates the Three Semieireular Canals (Cat). 
(Adrian, J*hyffiol., 1913, Wly 397.) 

A : horizontal canal; stimulating direction is witli ampulla tralliiii;. 

B : posterior canal (rotation in transverse f»lane>; atiniulutin^ direction with ampulla leading. 

C : superior (anterior) canal (rotation in median plane) ; results uiicertain. 


Extirpation Expekiments.— (J) Bilateral extirpation in birds produces 
grave disturbances ; the animals subsequently cannot stand or fly or maintain 
any fixed position. In the cat or monkey the initial symptoms soon disappear 
and the animal behaves fairly normally if allow'cd the use of its eyes ; it fails, 
however, to orientate itself under water and would soon drown ; it cannot 
right itself wlnui falling blindfold through the air (cf. j). 5113). Muscle tone is 
not permanently decreased. 
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(2) Unilateral extirpation gives rise to complex derangements of postural 
activity. 

(i) The imwediate effects are skew deviation of tlie eyes (?>, one eye 
rolls upwards and outwards and thc5 other downwards and outwards), nystag¬ 
mus, rotation and lateral flexion of the head (so that the occiput is turned to 
the side of the lesion) ; these changes are due to the unopposed action of the 
intact labyrinth. Th(‘ alt(Ted position of the head sets up neck reflexes which, 
secondarily, modify the jiosture of the trunk and limbs. The limbs on the 
side of the lesion (the side to which the vertex is pointing, or skull (vertex) 
lim})s) flex, and the ]im])s on the opposite side (jaw liiiil)s) extend (]>. 591). 
There is spiral rotation of the trunk. 

(ii) The 'permanent effects are— 

(a) Nystagmus : there is a slow swaying movenient towards the side of 
the lesion and a quick return towards the midline. 

(h) The reciprocal (dianges in tone and the head rotation ])(‘rsist. 

(c) The rotation of the trunk diminishes. 

(*>) Jf o?ie canal, c.//. tlH‘ 
hori/ontal, is nunoved, 
sf)ontaneous movements are 
set u]) in the ]ilane of that 
canal, as no impulses are 
sent u]) to give information 
about the movenient and 
thus check it. 

Relation ok VK.sTinrj.E 

TO JtEOULATJON OK 

rosTUUK. The exp(‘rinient 
of Kwald, and the results 
of extir[)atioii show that the 
vestibule normally plays an 
im})ortant part in the regula¬ 
tion of |)osture. Studies on 
tin* tome lahtjrinihine reflexes 
(p. 591) and on the rightimj rejlexes (p. 59;i), whicli have been fully considered, 
indicate how the otolith organ helps ndlexly to maintain the upright position 
of the head and to adjust tlu^ ])osition of the body to that of the head in 
space or relative to the trunk. 

Bakany’s Test.—T he semicircular canals in man can be readily stimu¬ 
lated. By throwing the head backwards 60 ° and looking to the opposite 
sid(f at an angle of 50° from the middle line and uj> to the ceiling, the lateral 
(horizontal) canal is placed vertical. Tin* right ear, for examjde, is then 
syringed with cold aii’, which causes (by convedion currents) a downward 
movenient of the endolymph ; this is equivalent to moving the head to the 
oyiposite side (to the left) (Fig. 380). The patient complains of giddiness, 
and if allowed to stand temls to fall to the right; nausea, and vomiting may 
occur. The following results can )>e noted : 

(a) Nystagmus. —^The short jerk is to the opposite side (the left), and the 
slow movement is to the same side (the right). 

The slow deviation to the same side is due to impulses which reach the 
eye nuclei from the vestibule via the vestibular nuclei. The short jerk is 



Fic. aso.—Krciprocal Trmcrvutitai of Kyo Miisoles 
of Kabhil (luring Nystagmus sot up by Irri¬ 
gation of Kar. 

Lower curve, (external (lalcral) riM-tiis : upper curxT. intcrual 
(rucilial) rectus. PcccrcLclJatc preparation. (After de 
KI<ijn.) 
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probably a compensatory movement initiated by the cerebral cortex. The 
nystagmus illustrates well the law of reciprocal innervation (p. 545). I)e 
Kleijii removed the (right) eyeball in the rabbit and connected the internal 
and external rectus muscles to levers. Nystaj/rniis was pn»duced by 
syringing the (right) external meatus. The slow phase of the movement 
was to the right, and while the external rectus slowly contracted the 
internal rectus relaxed correspondingly slowly; in the quick phase the 
internal rectus contracted suddenly and the external rectus as rapidly 
relaxed (Fig. 380).' (Of. p. 009.) 

{(3) Past PoirUing .—On attempting to raise and lower the arms and touch 
a given point on a tape (when the eyes are shut), the limbs deviate out to the 
stimulated side. (Cf. p. (>09.) 

(y) Spontaneous deviation of the limbs occurs towards the stimulated 
8ide.“ (Cf. p. 009.) 

Abnormal vestibular stimulation also produces com])l('X autonomic disturb¬ 
ances such as alterations in blood pressure, heart rate, respiration and bowel 
tone and movements ; these changes are well S(‘en in the phenomena of 
sea-sirkness, 

THE CEREBELLUM 

Anatomy of the Cerebellum.—It is customary to divide? the c(?rebellum 
into : (i) two large, laterally placed cerebellar he-niis])heres, and (ii) a small 
central portion, the vermis, so called “ because it resembles a worm bent on 


DENTATE CENTRAL 

NUCLEUS LOBULE CULMEN 



UVULA 

Fio. 381." -Anatomy of On'klluni. (Modiii«‘d from Kfinson arul Clark, Anatomy of the 
XerrofLs Synlemy 1947, W. H. Saunders & (’n.) 

.sfM'fMills UiniiJuti liuinitn r«Tol|olliini, 

L<-ft.-iinnd fliinn* : Sfctioii passes throui;h hitMru) uiid doiitati: iiiirlous. 

in<4hi ‘iiund tiijuri* : St-ct.ion passes tl)ron<4lj I hr vmnis in tin- iiM’di.in 


' The clini(;a] tcrmiriologv of vestibular ny.stap;miis is coIlfuHin^^ as attention is mainly 
paid to the “ quirk ” or eorrretinpf component. Thus a so-called “ ri/»ht horizontal 
nystagmus” is one in whieh tlie fpiick movement is to the right, and tJie slow to the 
left. For erimpleteness it may bo mentioned that nystagmus may also be vertical or 
rotary. 

* It will bo noted that the tendency to fall, the spontaneous deviation, the past point¬ 
ing, and the slow phase of the nystagmus are all towards the syringed side. 

Holmes, Brain., 1917, 40, 4fil ; Lancet, 1922, i, 1177 et sey. Symposium in Brain, 
1927, 50, 275. Assoc. Re.s. rierv. ment. l)is., (,'erehdlvm., Baltimore, 1921). Ihjw, Biol. 
Rev., 1942, 17, 179. Adrian, Brain, 1943, 66, 289. Fulton, Functional LocaUzaiion in 
the Frontal Lobes and Cerebellum, Oxford, 1949. 
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itself to form almost a complete circle.” The shape of the vermis is best seen 
in a sagittal secticm through its median plane as in Fig. 381. Tliis conventiona] 
anatomical terminology does not, however, corn^sj)ond to the functional 
differentiation or the piiylogenic history of the cerebellum. 

The older part (pliylOgfuietically) of the cerebellum is callcrl the ])ah/()- 
cerebellum ; the ih'wc.u- jjart is called the neocerebellum. 

> LINGULA 


^LOBULUS centralis; 


^CULMEN^ 

'/////////A 


GLOBULUS SIMPLEX 


DECLIVE 


TUBER 


/ FLOCCULONODULAR LOBE 

PARAFLOCCULUS 
AFFER ENT FIBRE CONNECTIONS 
I i CORTICO-PONTO-CEREBELLAR 
SPINAL 

MM VESTIBULAR 


Fjo. IW2. Disigrain of I’riinufo (V'rcbcIInr Cortox lairl out Hat aiwl at from 

1lu‘ Dorsal Surfacio to show IViii(M|)al SuIxUvisioiis ami Aflim'iit Doiiiicoticms. 
(Motiiticd from Dow and I'ultvjn.) 

IM’, nriniary llssiin*, sejiaratinK nvntomiral nnUTirtr oho postt'rior liilx’. (IMi>siolDuirnl 

jiiitn-ior itjlM- iiKrlinlrs kilxiliis IM’’. prrpyrainidal llssurp. p«)silT<»-lut«‘ral 

llssun* .3posterior bordiT of posterior lobe. .Xvittnmiral ])0.sterior lobe e\t»'nd.s Inmi IM-'. to 


(i) The. palmocerebellum consists of the flocculonodular lobe (nodiilus and 
the two lateral floccuh, the parafloeeuli, most of the vermis (except the 
deelive, folium and tuner) and the “ physiological anterior lobe of the cere¬ 
bellum '* (lingula, lobulus centralis, culmen and lobulus simplex) (Fig. 382). 
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(ii) TJit* neocerebelluni consists of most of the pi^sterinr lobe ; it does not 
include the pyramis, uvula and paralloccnli or the lohuliis simplex, ])ut does 
include the folium and tuber (of the vermis) (Fiji;. 3S2). Rough]}' sjxMikiiig 
the greater part of the lateral hemispheres of the cer(‘bellum is neoc(‘r(*])e]lum. 



Fig. 383—Main Connections of Palciioeereljelliim. 


D.N.K., dorsal nf*rvn root. 
V.If.e., Vf'iitTfil horn rcll. 
V(;,Ht. Xcrve, Vostlbnlar norve. 
Vest. Nile., Vcstitiular 


Df’itcrs’ iuk'Ihiis. 

Vestib-rereb Tract, \ i'stlbulo-<'Pn*bcIlar tracts. 
Kct. Nile,, Hcticular nuclei, 
itel. Sp. 'I ract:, Itcticulo.spinal tracts. 
Spiiio-ccrcbell.'I'r..Sf»inocfrctieIlar tract s(dorstt 
and ventral). 


The size of the neocerebellum increases phylogenetically with the develop¬ 
ment of the cerebral hemisyiheres. 

As will be ex])lained later, the paheocerebellum discharges to the brain 
stem and thus regulates posture. The neocerebellum discharges to the upper 
brain stem, thalamus and cerebral cortex and thus regulates voluntary 
movements as well as posture. 
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The siirfnce of the cerebellum is covered by a grey cortex which is tFirown 
into numerous fine convolutions (folia). In the white matter of the interior 
of the cerebellum are found masses of grey matter (deep miclci) : the dentate 
nucleus in the lateral hemis])heres, and a group of three* more medially placed 
nuclei (n. emholiforniis^ n. (fl(d)osas and n. fast iff it (tlie last is part of the roof 
of the fourth ventricle and therefore ref(*rred to as a “ roof nucleus ”)). 



I 1 



Flo. .‘{SIJa.— ot Spinal (’ord and Medulla to show 
A.seending (Vreb<*llar 'fraets. 

V.sp.('.. vont.ral sj)iiioron'lM-llar tnirt. D.sp.C,. florsnl spiiifictTelM'lIfir 
tract. (M.t’., (■larki'’s coliiniii of Ol., Olivary nu(•lcu^. V.N.. 

vostihiilar nerve-. V.Niic., vo.stilmlar nuclei. X.Orac., nucleus 
ttnicills. N.Ciin.. nucleus ciincalii.s. H.l>., rcsMIonn laxly. Kxt.arc.f., 
external arcuate lihres. 

Histology of the Cerebellar Cortex. - Thret* layers are riTognized—an 
outer molecular, an inner nuclear, and a middle layer of Purkinje cells. 

(1) The Purkinje cells arc large flask-shaped cells ; their axons pass into 
the white matter to end mainly in the deep cerebellar nuclei (supra). Their 
dendrites form a complex tree-like arborization in the molecular layer. 

(2) The molecular layer coiitaius the basket cells, whose axons link 
up a number of Purkinje cells and end in basket-like interlacements round 
their bodies. 
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(3) Tlio nuclear layer consists of round cells ((frannlrs) with lar^e nuclei 
which practically fill the cell substance. Their axons pass up into the 
tnulecular layer and bifurcate, but their mode of termination is not kuiown. 
Th(‘ir dendrites end locally in their own layer in tnftdike endin«;s. 

(4) Alfenuit fibres enter from the white matter : the nvo.vs fibres end in 
tufts round the dendrites of the «rranule cells; t he frntiri] or climluTi^’ fibres pass 
intc» the molecular layc'rand twine nuind the (h'udrites of the Purkinji* cells. 

The cerebellar cortex is thus an elaborab* internuncial mass conm^ctin^ 
the incomimi afferents with the deep vuclel ; it is tin* latter (in the main) which 
^ice ris(‘ to the eH’ereut cerel)ellar fibres whicli pass to the brain sUmi, t halamus, 
and cerebral cort(*x. 

Connections and Functions of the Cerebellum. I. Ifiaxa rno- 
NOOTLAk LoliK. di) Fs inaiii coytvrdions, afferent and efferent, are with the 
trdihiilar nueloi (Kie. 3812). 

Vestihular affereiits (from the otolith orijan and seniieirciilar canals) pass 
both din'ctly or after relaying in the vestibular iiuehM via t he restiform Ixuly 
(inferior pedniicle) to the floeculonodular lobe ; eifenmts from tliis lobe 
r(*tur?i ill tb(‘ restiform body to the vestihular nuclei. Knun ihesi* nuclei 
the d<‘scendin^ vestil)uIosj)inal tract connects with spinal motor neurones. 
The llocculonodular lobe is thus a. loitsr relay, superimpos(‘d otf thv vrdihaJar 
tmcleL far covfrolUiui hodih/ posture. 

(ii) Kffeets of Extirpatiov. Isolated extirj)a.tion of this lolx* has no etfeet- 
on vtjiuntary niov<Mn(‘nt or on limh ]x>sture. The main distiirhama* is of 
equilibrium, shown hy an inability to maintain the erect position, A moidvCT 
so afflicted is unable to stand up without swaying ami giuierally sits in a 
corner ])ro])jx‘d uj) by the two sides of its cage. Tlxui* is a common cerebellar 
tumour (ruedulJohl(h^toirfa) oceiivrmti in rhildlux.xl which. }M*caus(‘ it aff<‘cts the 
flocculonodular lobe, ju'oduoes similar unsteadiness in standing and walking, 
tlie so-called trunk ataxy. Similar symptoms (as niiLdit Ix' exfx*cted) follow 
section of the restiform body. 

After removal of the nodulus in the dog, tlx* animal no long»‘r develops 
motion sickness. 

‘ 2 . Main Palaeocerebellum. --(1) Conniptions (Figs. 382, :JS3). 

(i) Afferent Fibres.— 'Yhi;. main part of the pala*ocerebelhim, i.r. the 
" physiological anterior lolx* and the jx)sterior part of the posterior lobe, 
receives affertmls fdiiefly from tlx* muscles and related deep sfrurtures, and to a 
minor extent from the vestibular apjiaratus. 

'Jdx* details are as follows (Fig. 383a) : 

(a) '\lu.scle atferents from the trunk and limbs enter tlx* dorsal nerve roots 
and end in Clarke’s column at the base of the dorsal liorn of grey matter. 
The axons arising from these cells form : 

(a) Tlx*, dorsal sj)inocerel)ellar tract whicli jxisscs up tlx* lat<*ral coliimii of 
its own side (in its dorsal part near the surface) to enter the restiform body 
(inf(*rior pediiix'le of the cerebellum). 

(fi) The vtuitral spinocerebellar tract which ])asses up the ventral colunm 
of its own and also the ojifxjsite side, to enter the ])ra(*hinm eonjiinetivum 
(superior jieduncle of the cerebellum). 

(b) Muscle aflerents from the trunk and limbs also pass up in the dorsal 
columns, relay in the nuclei gracilis and cuneatus in the medulla and then 
pass via the restiform liody to the eerebellum. 
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(r) Miisclo affenMits froin ilio lioad, end in various sensory nuclei (especially 
V) and j)ass tlnuice to the rer(d>ellurn. 

(ii) Efferent Fibres. .Kflereiits from this part of the ])al{eo(‘erehelluin pass 

via the de(‘p nuclei to tin* hrain stem (mainly in tlx* n'stiforin body and the 
brachium pontis (middl(‘ pedunel<‘ of cerebellum)) to ejid in tlie v(?stibular 
miclei and the reticular Tjuclei of the pons and medulla. Tlie descendin^i 
vestibulospinal and r(‘ticiilospinal fibres connect with the. lower motor neur¬ 
ones ; ascendinfi fibres from the v<‘stibular niichd (in the median longitudinal 
bundle) end roiuid cranial Jiuelei es])ecially those su[)plyinfr the t-ye muscles, 
'fix* main pala‘ocereb(‘llum is thns a lonff relay super imposed on the brain stem 
and [as shuwn beUnr) reyalatiny the 
fostare of the ef/eballs, head, trunk and 
limbs (Ki^r. 

(2) Fcnctions.—M ostof the ex^peri- 
mental work has lareii carried out on 
the anterior lolw'. As explained on 
]). bifi some of th<‘ descendinj^ tracts 
arisina in tlie brain stem and endin" at 
tlie lower motor neurones are facili- 
tatory (increasinja: muscl<‘ tone) : others 
an*, inhibitory (decreasiujx tone). It 
lias b(*i*n shown that the anterior lobe, 
by controlling' tlx* cells of origin of 
these tracts can modify inusch* tone in 
com])lex Ways, 

(i) St.imuiat.ion o{' the anterior lobe 
may inhibit tom* in the extensor 
muscles lioth in the intact and in the 
decerebrate animal; tlx* elfeet is most 
marked on the same side of the body. 

The inliibitory im])ulses jiass via the 
dentate nucleus to the hrain stern. 
versely, ablation of tlx* anterior hibe 
enhances (*xteiisor tone in d(M*erebrate 
ri^ddity. Extirpation of tlx; lingula 
(which receives vestibular alferents 
(Fig. 382)) leads to enhancement of 
vestibular reflexes. 

(ii) On the other hand stimulation of the anterior lobe may sometimes iuereme 
muscle tone; the faeilitatorv impulses pass via tlx* n.fastiyii to the brahi stem. 

(iii) The effects of tlx* ant,erior lobe on the lower motor neurones are to 
some extent to]K>graplii(*allv localized. Speeitic areas in tlie anterior lobe 
facilitate or inliifiit tlx* discharge of specific groups of motor neurones. 
Electrical studies hav(* shown that im})ulses from specific parts of the limbs 
project on to specific jioints in the anterior lobe. 

The role of the jiaia^ocerebelliim as a reflex centre for the finer control of 
posture lias been summarized by Sh(?rrington : “ the cerebellum may indeed 
be described as the head ganglion of the proprioceptive system and the head 
ganglion here, as in otlicr systems, is the main ganglion.” ^ 

^ By “ head ganglion,” Sherrington nieaiia the ganglion sitiifited in the head. 



Fxj. 


384.—Main Connections of J^eo- 
eerebelluin. 

TJiaUomis. Cyr. I'r., T'yraiuidal tract. 
IJ.X.. Hcd iiuchus. Xiici. J.*ont.., Surh-i 
Uct.X., I{(’fi{'ulnr nuclei. 
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NEOCEREBELLUM 


3. Neocerebellum (Most of the Cerebellar Hemispheres). (1) Con¬ 
nections (Fig. 384), —The neoeorebelluiii also receives some proprioceptor 
afferents from muscles via the spinocerebellar tracts. The main connections 
of each cerebellar Iiemisphere, however, are with the opposite cerebral 
hemisphere and the upper brain stem. 

(i) Cartico-pontitie Jihres arise in the frontal lobes Jiiainly in th(‘ (‘xcito- 
motor cortex (areas 4 and 6) and in the temporal lobes, and end in the. luiclei 
pontis, which also r(‘ceives fibres from the ])yramidal tracts. From the 
nuclei pontis the pontocerebellar fibres arise, which cross to the o]){)osite 
cerebellar hemisphere in the brachium pontis. 

(ii) (a) From the dentate nucleus of the lateral lobe of the eerel)elliini, the 
brachium conjunctirum [superior cerebellar peduncle] arises. It (!ross(;s the 
middle line in the midbrain ; most of the fibres end in the (op])osite) thalamus 
[latero-ventral nucleusj. A new relay arises there to end in the (opposite) 
cerebral hemis])here, mainly in the excatomotor cortex (areas 1 and b). The 
j)athway, cerebellum -thalamus-cun-ebral cortex-jums cereb«‘lliim, can }>e 
regarded as a closed circuit by rm^ans of which tln‘ (‘crebrum ami cerebellum 
mutually infiuence one another’s activities. 

Each cerebellar hemispluu-e controls the oj^positt^ cerebral cortex ; in its 
turn the excitomotor cortex via the pyramidal tracrt controls tin*, movements 
of the opposite side of the body. lhH?ause of tin? double decussation (i.e. of 
the brachia conjunctiva [superior cerebellar peduncles] and of tin? pyramidal 
tracts), each cerebellar hemisphere controls roluntari/ movements on its own side 
of the body, 

(b) Some of the (dTerent cerebellar fibres end in the opposite, red nucleus 
and in the nuclei of the reticular formation of the brain st(mi. Descending 
rubrospinal, rubroreticular and reticulos])inal fibres end at the lower motor 
neurones and influenct* tone. 

The connections of the neocerebelluni shown in Fig. 384 make it clear 
how it can regulate voluntary movement and inlluence ]>osture. 

(iii) Electrical stimulation of the motor area of the cerebral cortex }>roduces 
localized responses in the cortex of tln^ o])posite cerel)ellar hemisphen^ ; face, 
arm, and leg areas in the motor cortex link u]) with sj>ecific an^as in the 
cerebellar cortex. Conversely, cerebellar stimulation imxlifies the “ resting ” 
action potentials in the cerebral cortex (area 4) and enhances the excitability 
of the motor cortex to artificial stimulation. 

(iv) The anatomical and functional relationships l)etween the ])ala‘o- 
cerebellum and nciocerebellum are obscure. There is no evidence that the 
main paheocerebellum and tlie neocerebellum are discrete physiological 
entities. It is difficult to umierstand how the neocerebelluni can function 
eficctively with so sparse a supjdy of alferents from the muscles and the 
vestibule. There may ]»ossibly be important connections bt^tween the 
different areas of th(‘. grey surface of the cerebellum wliich would convert the 
organ into an integrated unit. 

(2) Results of Lesions of Neocerebellum. - Injuries to the c(;rebellar 
hemisphere in man (due to gunshot woumls or tumour) produce characteristic 
disturbances of posture and of voluntary movement. In unilateral lesions, the 
changes are mainly fouud on the sarm? side of the body. 

The detailed findings are set out fully below. 

Disturbances of Posture.—(l) Atonia.— There is diminution or loss 
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of tone in the rauacles of the same side of the body, particularly in the limbs. 
The muscles feel flabby and are readily compressed and displaced; they 
can be stretclied without producing discomfort. If the forearm is held and 
the hand shaken to and fro, the oscillations of the hand are normall y limited 
owing to the tension of the muscles of the forearm. In the patient the hand 
swings about like a flail, iiiertly, till the joints lock and the bony structures 
prevent further movement. The limbs tend to assume or to be placed in 
abnormal positions that would normally be avoided. If the patient sits up in 
bed, the weight is thrown on the dorsuiu of the alfected hand, so that the 
fingers and wrist are overflextid to a degree that would ordinarily be painful. 
Normally, if the fonuirm be held up vertically, the hand is only slightly 
flexed. In a case with cerebellar injury, extensor tone is lost, and the hand 
falls {lassively into a position of extreme flexion. These symptoms illustrate 
the varied disturban es whicli may follow loss of postural activity, and indicate 
how the case slum Id be examined clinically. 

(2) Attitudk, —The face is usually rotated towards the opposite side, 
and the occiput is approximated to tlie affected shoulder. The homolateral 
shoulder is slightly raised and is in front of its fellow of the other side. The 
leg is abducted and rotated outwards, thus giving the body a wider basis 
of support. The weight is throwui on the sound leg, and so the trunk is 
bent with tlu^ con(*avity towards the afftseted side. Giddiness (vertigo) is un¬ 
common, except imnuidiatcly after the injury, and when present has no 
constant relation to the side of the injury. In cases of tumour, external 
objects aj)pear to move away from the side of the lesion, and the body tends 
to follow suit, the head and shoulder, as mentioned above, turning away 
from th(^ affected side. 

(3) SroNTANEOiJS Deviation. —If the eyes are closed and the arms are 
held straight out in front of the body, they normally remain quite steadily 
in this position. In cerebellar disease, the honiolateral arm sways slowdy or 
quickly outwards, away from the symmetrical position, and then comes to rest. 

(4) Barany’s Pointing Test. —The patient lies in bed, and a tape is 
held above the bed ; he is asked to toucli a certain spot on the tape, then 
close the eyes, bring the finger down to the bed and then raise it again to 
the original spot on the tape. As the movement is repeated, the finger gradu¬ 
ally deviates outwards. Both this sign and spontaneous deviation are not 
due to loss of muscle sense, because the patient is aware of the position of 
the deviating finger and can touch it with his normal finger. They result 
from some disturbance of postural activity. 

(5) Static Tremor. —I’here may be slight oscillations of the head and 
trunk in any direction, owing to irregular contraction of the muscles which 
maintain attitude. If the arm is held out, a tremor develops after some time 
which consists of a slow downward and a quick upward movement. The 
alow displacement is possibly due to the action of gravity on the tired limb, 
and the quick jerk may be the voluntary effort to get the arm back to its 
original position. 

(6) Nystagmus. —Normally the postural mechanism keeps the eyes when 
at rest in the central position ; wdieii an object is being looked at the gaze is 
a steady one. In cerebellar lesions the eyes tend to deviate from the central 
position, some 10° to 30° to the opposite side. Why the deviation is in this 
direction is not clear, but having gained this position the eyes come to rest 

20 
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and the position is called the reM point. On looking:; fixedly at an object 
elsewhere in the visual fields, especially towards the affec^ted side, the eyes 
display jerking movements termed nystagmus. In character they resemble 
the static tremor described. There is a slow swaying movement towards 
the rest point, and a quick abrupt recovery, which is of cortical origin. In 
tumour of the lateral lobe the details of the nystagmus are a little dilfenmt. 
The slow swaying movement occurs on looking to the sule of the lesion, and 
there is a rapid to-and-fro jerking on looking to the opposite side. 

(7) Alteration of the Deep Reflexes. —In cerebellar lesions, the jerks 
may be slower than normal and perhaps less vigorous as well, because the 
extent of the contraction produced by stretch depends on the initial degree of 
tone in the muscle, and in cerebellar disease tone is diminished ; nor is there 
any tendency to maintain the quadriceps in the shortened position, so that 
the limb falls quite passively when the twitch passes off. If the patient is 
seated on a high stool, it is found that tlie leg on falling goes on swinging 

freely to and fro. This type of response 
is therefore called the pendulum knee-jerk 
(Fig. 385). 

Disturbances of Voluntary Move¬ 
ment.—(1) There is feebleness (asthenia) 
of moderate degree, especially in the arm. 
This becomes more obvious when the 
movement is prolonged, or requires 
exertion of much power. The muscles 
tire very readily; the arm tends to 
droop if held outstretched for any time. 



Fui. .‘ISf). --Ccrcliellar KiK!(‘-jerk. 

Two lira shenvu. Note in each cn&t 

thr rapitl relaxation and thf aftor-swinR- 
inK (pendulum knee-jerk). (Gordon 
Holmes, Lancet, 1922.) 


There is slowness in carrying out every 
phase of a movement—delay in initiating, 
in attaining full power, in commencing 
relaxation, and in reaching full relaxation. 
There is reluctance to move the affected 


limb, which lies for long periods in one position. Objects are always picked up 
with the sound hand ; the affected arm does not swing to and fro in walking. 

(2) Ataxia is present— i.e. clum.sinesB and disorderliness of movement. 
Patients say; “ My hand will not go straight, it is drunk ; I do not seem 
to be able to do what I want with my hand, though if I get hold of anything 
I can grip it all right.” The ataxy is worse if a movement is hurried or if a 
number of joints are involved. It is not affected by closing the eyes, because 
muscle sense is normal and knowledge of position is unimpaired. The 
ataxy has been analysed thus : 

(i) Decomposition of the Movement .—Tliero is inability to peiform simul¬ 
taneously the various movements which constitute an act. Tin* separati? 
movements are carried out “by numl)ers’‘ as in a gymnasium. Thus, on 
trying to bring the heel on the opposite knee while lying in ))ed, the heel is 
dragged along the bed till it niaches the, knee, and then raised U) the pro})er 
height, then adducted and placed on the knee. 

(ii) Asymrgia .—Proper co-ordination is lacking between tb<*, protagonists, 
the antagonists, and the synergic muscles which fix joints. Thus the ex¬ 
tensors of the wrist are normally synergic muscles to the flexors of tlie fingers, 
the former placing the wrist-joint in the most favourable position for the 
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action of the latter (cf. p. 651). This can be readily seen on atteinj)ting to 
flex the fingers with the wrist liorizontal or flexed. In e(‘Tebellar trouble, 
on fh^xing the fingers the wrist is extended too late or too earlj^ ()r not at all. 

(iiij Uysnietrif, — The force employed is ill-adapted to the aim of the 
movi‘me/)t. The har)d shoots f>ast an object or is stop|>ed prematurely. 

The ataxia, is attributed to lack of cerebellar “ guidance ” of the centres 
in the eere.bral cortt‘.x concerned with voluntary movement. The synergist 
comy>onent of a voluntary niovenKUit is imperfectly em])loyed (asynergia) ; 
there is disturbance of the duration of the contraction, of the proi)er timing 
of one concentration relative to the next (decomposition), and of the proper 
force of contraction (dysrnetria). 

These disturbances can be demonstrated by simple clinical tests : 

(i) Finger-Nose Test. —The patient is asked to bring the tip of the finger 
of the outstretched hand on to the tip of the nose with the eyes shut. The 
movement is not begun promptly, the different groups of muscles do not 
co-ordinate efficiently, the shoulder-joint 
is not kept still, and the force is not 
nicely adjusted. Tlie finger thus advances 
by a series of irregular jerks, the move¬ 
ment being broken up and each phase 
overdone; the finger shoots past the nose, 
or strikes the nose with excessive force 
and “ keeps on rubbing itself in.'’ 

(ii) Adiadochokinesis. —The patient is 
ordcired to carry out rapid pronation and 
supination movements simultaneously in 
both forearms. The movements on the 
affected side are slower, less regular, and 
the range is less uniform ; adventitious 
movements occur at other joints owing 
to contraction of unnecessary muscles. 

Because of fatigue and disinclination the 
movements are soon abandoned (Fig. 

380). 

(3) Gait. —On first getting out of bed, the whole body sways irregularly, 
and there is danger of falling to the affected side. The patient feels as if 
an invisible hand were pulling him in that direction. After a time, he can 
maintain his ecpiilibrium fairly well and makes appropriate though clumsy 
movements to regain his balance if it be threatened. The gait is frequently 
descrilied as resembling that of a drunken man. That is inaccurat(i ; the 
patient walks carefully ; he does not trust the affected side, taking short 
steps with that leg and hurrying off it. He deviates sfontanemisly towards the 
affected side, and then tries to bring himself back to the original line, thus 
taking a zigzag path. 

(4) Speech. —This is affect^,d in the same way as any other complex 
movement. It may be slow and monotonous, staccato or scanning in char¬ 
acter ; the consonants are frequently blurred, and there is a tendency to 
explosive utterance. Great efforts are made to utter any sentence, and these 
are associated with excressive facial grimacing. 

After a time, compensation occurs, and the movements improve in efficiency. 



Fig. .‘{SU.—Cerebellar Ataxy. Adia- 
doehokinesiB. 

nf^ >{' Kijpid Pronation aiul .Supina¬ 
tion of Ann. 

lipptrT curve—on Ride of cerebellar lesion 
(Rhowing adiadochukiueiiiB); lower curve 
—noruiul side. (Gordon Holmes, Lancet, 
102i:.) 
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There is less deviation, less decomposition, and better synergia. Excessive 
force and range persist, however, so that the movements remain jerky in 
character. 

Clinical Conditions associated with Cerebellar Dysfunction.— 

(1) Jn acute irritative lesions [e.y. vascular lesions) of the cerebellum, 
giddiness is severe and forced movements occur, which turn the patient so 
that the face on the side of the lesion is in contact with the pillow. 

(2) Tumour of the neocerobelliiin produces signs closely resembling those 
already detailed. The nystagmus, as stated, consists of a slow to-and-fro 
movement on looking to the affected side, and a rapid to-and-fro movement 
on looking to the opposite side. If the flocculonoduhir lobe is involved, the 
signs are bilijicral and mainly involve the trunk (p. 

(3) Tumours growing from the sheath of the eighth nerve usually involve 
the cerebellum later in their course. 

(4) In disseminated sclerosis^ plaques of the disease frequently occur in 
the cerebello-pontine region, and produce signs of cerebellar dysfunction 
such as nystagmus, intention tremor, and ataxy of speech and of other 
movements. 

(5) In a group of diseases called hereditary ataxy, of which Friedreich’s 
disease is the best known, the spinocerebellar tracts or other cerebellar 
connections tend to degenerate early, producing characteristic signs. 

(6) Lesions of the cord, e.g. syringomyelia, or tumour, may press on the 
spinocerebellar tracts and cause nystagmus, etc. 


HmVCTVRE OF ( EKEBKAL OOETEX.^ METHODS OF DEI’EIIMIN- 
TNfl COUTK-AL CONXECTIOXS. THE El.ECTKC)ENCEPHAEOGKAM 

Structure of Cerebral Cortex.—Histological studies carried out over 
many years have led to tlie cerebral (cortex being subdivided into many areas 
each with its distinctive cellular arrangement. The detailed cell structure of 
any cortical area is called its cyloarchiiecUmics or its rytofircliilrcJure. It is 
hoped that the results ol)taiiied, apart from their intrinsic interest., may help 
to solve prol)lems connected with the localization of function in the cortex, 
as it is believed by some that each cortical area with a distinctive structure 
is a functionally spcjcialized zone. This view may be correct about some 
cortical regions, e,g. the visual area, but it d()(‘S not hold for all cortical 
areas. For example the two areas in the })rex‘eiilriil motor cortex labelled 
areas 4 and 0 probably subserve some functions in common. Again the post- 
central gyms is sul>divided into areas called 3, 2 and 1 which may subserve 
a single common function. It must always be remembered that the different 
cortical areas are rloscly knit together as will be described later (p. 61G). 

According to Econorno, in typical regions of the cortex, six cell layers 
can be recognized which are numbered 1 to VI from without inw'ards 
(Fig. 387). 

Layer I: Mohxular layer, which contains numerous dendrites, axons, 
and glia cells. 

1 Econorno, CyloarrMteclonics of the Ilunuan Cerebral Cortex, I.*on(lon, 1929. McCulloch, 
Physiol, Rev,, 1944, 24., 390 ; Res. Publ. Assoc, nerv. ment. Dis., Frontal Lobes, 1948. 
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Layer IT : External granule lager, consisting of sinall densely packed 
cells (grannlefi) which are round, polygonal or triangular in shape. 

Lavkii 111 : External fgramidal luger which contains large* [)yraniidal 
cells, usually increasing in size IVom without inwards. 

IjAYER IV^ : Internal granule lager, r(‘sembling layer IT. 


LA^■ER \': Internalpgrantidal 
lager, consisting typically of 
cells which resernhle. those (dun<l 

in hiycu- ITT. 

Lav Kit VI : Fusiform eell 
lager, consisting of long 
spindle-shaped cells arranged 
j)erpendicularly to tin? surface. 

The arrangement of the 
nerve fibres in the cortex is 
shown diagrammatically in Fig. 
387. There ate Jiiree principal 
bands of transversely runnin g 
layers 1, 4 (outer fine 
of Baillarger), and 5b (inner line 
of Baillarger), respectively. The 
longitudinally running fibres 
penetrate outwards as far as 
layer 2. 

In addition to t l\e three 

g pes of celk already referred 
,i €, tEe~gn^ule, pyramidal, 
and fusiform cell, th^ are 
special cells in c ertain regions, 
e.n. g uin^ ce lls of Betz (60-120 /a 
by 3?)'80 ft) in area 4y in 
the precentral gyrus and the 
g iant st(dlate cells in the visual 
cortex. 

Apart from the typical 
cortex just described (or 
isocorlex) there is the allocortex 
which is constructed on an 



Fig. H87. —Diagrcam of the Layers of the 
Human Cerebral Corte.x. On the left, 
J to VI, are the cell layers ; on the 


entirely diffcjront plan. The 
allocortex includes the uncus, 
hipj)ocanipus, and the gyrus 
dentatus; in man it con¬ 
stitutes about one-twelfth of the 


right, 1 to 6, are the fibre layers as they 
ap})ear in specimens stained by the 
lVeigert-l*al method. Layers 4 and ob 
are respectively the external and internal 
linos of Baillarger. (Kconorno, Cytoarchi- 
tectonics of the Human Cerebral Cortex, 


cerebral surface. Tn some Oxford Imiversity Press, 1929.) 


species, however, for example 

tlie hedgehog, it may form about three-fourths of the. surface. 

The cortical grey matter differs in thickness in different regions, e.g. on 
an average on the convexity it is 3*5 mm., at the base 3 mm., and on the medial 
surface 2*7 mm. The maximum thickness (4-5 mm.) is found in the pre¬ 
central gyrus and the anterior part of the temporal lobe ; the minimum 
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(1*3 mm.) is at the frontal and occipital poles. The grey matter is twice as 
thick oil the crown of a gyrus as in the furrow. 

According to iJconomo, live fundamental types of isocortex may be 
differentiated ; types 2, 3, and 4 are essentially alike and differ one from the 
other in details ; types 1 and 5, on the other hand, contain very obvious 
distinctive features (Fig. 3^<8). 

Types 2, 3, and 4. -These have the six typical lamime previously 
described. 

(i) Type 2 .—Frontal type (anterior two-thirds of the frontal lobe, suj)erior 



Fio. 388.—Diagram of the Five Fundamental Tyf>c.s of Struotiin^ found in the Cerebral 
Cortex. (Econorno, Cyloarchitectonios of the Human, ('erebral Cortex^ 1929.) 

parietal lobule, and part of the temjmral lobe). The granule cells are 
triangular. 

(ii) Type 3 .—Parietal type (parietal lobe and junctional region of parietal, 
occipital, and temporal lobes). There is an increase in the depth and density 
of the two granule layers II and IV, and these cells are round in shape ; the 
pyramidal cells are smaller, slender, and more numerous. 

(iii) Type 4 .—Polar type (only at the frontal and occipital poles). The 
cortex is narrow, and all the layers are reduced in depth though the cells are 
more densely packed. 

Type 1 .—Agranular cortex.—This is characteristic of the exciiomotor 
regions of the cortex and is thus found in the posterior third of the frontal 
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lobe anterior to the fiBsure of Rolando. It is however also found on the 
eonvexity and Tn<*,dial surface of this region, in Broca’s area, and the anterior 
part of the island of Reil. As the name implies, granule cells are completely 
absmt ; the C(dls in layer IT and TV have become j)9jramidalized, i.e. rej)laced 
by pyramidal cells. 

Type b.- Gramdar cortex.—This is characteristic of th(i sensory zones, 
e.g. the postcentral gyrus (general body sensation), calcarine region (vision), 
Heschrs gyrus (hearing), The granules have largely replaced the pyramidal 
cells in layers 1II and i.e. the cells have become grarmlized. In the visual 
cortex the internal granule layer IV is divided into two parts by transversely 
running fibres (the line of rhumari). 

Ma])s illustrating some of the cytoarchitectonically discrete areas are 
shown in Figs. 407, 430 et seq. ; such maps arc‘ useful w^hen stimulation or 
(•xtir])ation ex j)erinients are ])lanned to determine more* precisely the functional 
attributes of differeTit cortical regions.^ 

Methods of Determining Cortical Connections.— (1) Use of Wal¬ 
ler! an Deoeneration ANT) Chromatolysis. —(i) If the cell of origin 
of an axon is destroy<^d, the axon undergoes degeneration throughout its 
course ; the j)ath taken by the degenerating axon from its origin to its 
termination can be follow'od using the Marchi staining techmhjue (p. 499). 
Thus if the “ arm ” area of the motor cortex is excised, the degenerating 
arm fibres of the pyramidal tracts can lie traced through the central nervous 
syst<*m to <MTd in th(‘ lower c(‘rvi(%al and upper thoracicr cord (Fig. 412). 
Similarly, if a luicleus in the thalamus is destroyed, the axons from the 
nucleus can be traced to their terminations in the (au'ebral cortex. 

(ii) If an axon is cut, its cell of origin undergoes chromatolysis (p. 494). 
Thus, if the corticospinal fibres are cut in the medullary pyramid, their cells 
of origin in the mot or area show chromatolysis. 

(2) Ej.ectrk’al Metmodr, — (i) As the nerve impulse is accompanied 
and signalled by a syiike potential, th(‘ route and site of termination of nerve 
fibres can be demonstrati'd by electrical means. Thus by exploring various 
points in the central nervous system with micro-electrodes, wdien a certain 
tract is transiiiitting impulses, the course followed by the tract can be 
determined. This method has been used to trace, e.g. th(5 course of the central 
auditory yiathw^ay (in the lateral lemniscus), and that of the j)yramidal tract. 

(ii) The points of termination of impulses from various sense organs in the 
cert‘bral cortex can, similarly, be determined. A minute electrode, placed on 
the surfacii of the cerebral cortex, yiicks u]) the spike potentials developed in 
its neighbourhood. A s(Mise organ (eye, ear, skin receptor) is stimulated ; the 
irnf)ulses set u]) finally reach the related “ receiving ” area in the cerebral 

^ Ii. must bi* T*(“memb(Tod that, as the neoessarj’ histological work is extremely difficult 
and time-consuming, very few brains in anj^ one s]m»(ucr have so far been exhaustively 
studied. As many cytological features must be taken simultaneously into account in 
delimiting an area, the results reported by different investigators show significant differ¬ 
ences. The margins of tlu^ described areas are not sharply defined, but a gradual trans¬ 
formation seems to occur. Most workers use the mao prepared by Brodmann which 
must, however, be regarded as merely a first approximation which' is undergoing pro¬ 
gressive modification as experience grows. 

For a critical appraisal of the value of the results of cytoarchitcctonic studies see 
Walshc, Critical Studies in Neurology, 1948. Walshe goes so far as to suggest that some 
of the details appearing in cytoarchitectonic maps may constitute contributions to neuro¬ 
mythology rather than to neurology. 
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cortex where their arrival can be detected by tlie occurrence of a sudden 
burst of electrical activity. By such means we can determine in detail how 
any sensory field is projected on to the cortex (]>. 568). 

(iii) PirvsiOLO(3iOAL Neuronocjuaphy.^ —Tliis method is a very valuable 
modilication of the electrical tecbnique just considered. A piece of blottiug- 
j)aper a few square millimetres in area is soaked in a stryclinine solution 
and ap[)lied to the surface of the cerebral cortex : the strychnine stimulates 
the nerve cells locally, causing them to discharge : the nerv<* imfmlses, so 
geiH*rated, travel along the axons into tlie white matter to reach anotluT 
area of the cortex or some subcortical nucleus. Let us suppose that we are 
dealing with nerve fibres arising in cells in region A in Fig. M8P and passing 
into the white matter to re-enter another region of grey matter, lb thus 
establishing connection with it. An electrode placed over 1^ detects the arrival 
of the nerve impulses by recording the associated electrical disturbances (the 
spike potentials). Fig. 3iK) illustrates an experiment in which aj)f>lication 

of strychnine to the area 
shown as a black square 
gave rise to spikes in the 
points labelled 
a and fc, provin 
from the stimulated zone 
made connections with the 
latter regions. This potent 
technique has revealed an 
extremely complex system 
of interconnections in the 


respectively 
: that fibres 



Fig. ^89.—Diagram illustrating the Principle of cerebral cortex: (i) within 

the Method of Physiological Neuronography. areas which are cytoarchi- 

Cells give rise to axons, which run In the underlying white tectonicallv discrete ‘ (ii) 
matter to re-enter the grey matter and there end. , i* ' i V / 

Application of ^Jlrychnine at A to the cells stimulates between discrete areas On 


them ; impul-ii s pass along the axons to the connected 
region of enrtex 11, where they can lx* nx’orded as 
** spikes ■' by a locally placed eleetroile. 


the same side ; 
such discrete 


(iii) between 
areas and 


corresjionding jioints in the 
opposite cerebral cortex via the corpus ciillosuni ; (iv) between s|)ecific 
regions of the cerebral cortex and various subcortical ganglia. Some of 
the connections demonstrated by this technique are illustrated in Fig. 
which should })e consulted. Tlie fact that eorrespotuHufj points in th(‘ two 
hemispheres of the cerebral cortex an* linked together is of great 
importance because it enables functionally identic^al areas in the tw^o 
hemispheres to act as a physiological unit. 

The Electroencephalogram. —The electroencephalogram is the record 
obtained using indirect leads, of the changes in ele ctric potentifll takinrr pUc o 
in tha grey matteiLfif the cerebral c^Eti^x ; the electrodes are placed on two 
points on the surface of the skull. A typical human record is shown in Fig. 
391. Most of the waves normally recur at a rate ofiLojJLCLper second (alpha 
waves) ; their amj)litude is about 50 microvolts. This kind of record does 
not represent the activity of a single cell or of a few cells, but is the algebniic 
summation of the spike j)otentials generated by a ynass of closely packed cells. 


* For review see MeCulIoeh, in I5uey, PrrxeMral Motor Cortex, I'liiversity of Illinois. 
2nd edn., 1950. 



PRODUCTION OF EEC 


G17 


The only (•if*(*iiins1,jiiic(‘s under which the summed potentials, led off from a 
mass of cells, could appear as fairly regularly recurring potential waves, 
would be when many cells were discharging ap[)roximately synrhronoushf, 
at the same rate ; if the cells were discharging asynchronously and at different 
rates, the resulting record would consist of innumerable irregular excursions. 

The large regular alpha waves app ear only in lln> absence of ment al^ 
and especially of visual activity ; the eyes must be closed and the mind 
must be at rest; as soon as tlie eyes are opened, the alpha waves are re- 

j)laced by very small irregular-- 

oscillations (Fig. 31H). After * I 

the subject h.'is been in the 
dark for minutes, the 

alpha waves may ])ersist (*ven l 

when the eyes are open, so ___ \ V .'I 

long as 'nothing is being innlrd I ^ I ^ / 

but if some invisible obj(‘ct 

is being fixated in the dark, / 7 

the alpha waves disappear. |f[(f [I (I I I II J ^ I 

It is clear from these results [_ * ' « i _ 

that the cortical cells, when [3 ^ ^ ^ ^ 

not engaged in any specific 

task {i.e, when they are “ at f f I ( / f I T I I ! 
rest”), discharge synchron- j » » * f I I ' * ( 

ously about 10 times per * 

second; their pattern of 

“ inactivity,” so to say. is 300.—Physiological Neuronography. (Busser 

a mark-time beat. Purposive ^S:{8^^730 
activity of the cerebral cortex 

, , 1 -.1 7. ,1 Tlu-Inset shows the motor urea (area 4 ) of the cerebral cortex 

is associated Witil ncom'plicated of s^jacaca mulatta. L, A, F represent leg, arm, and face 

Tiatforn of di«4phnrjrp of tho areas respectively. The small black square is the area 

parrern 01 aiscuargc 01 uie to which the strvehnlne solution was applied. The small 

C(‘lls involved, which gives rise «Iots. lahelh-a u ami h respectively, are the regions In the 

to au un(iocii)hcrable record p™,;!",'; <''>""" 

when the usual indirect leads I. Comrol electroeortieoRram from arm area. 2 , 3 . Klectro- 
, , (airticograni from re>?ion a and region h resf»ectively, at 

are einjlloyed. the height of “strychnine sinke.s “ (the spikes are the 

TliP «iirnirw’<ir»r»A •««« heavy down strokes in the record). These record.s 

me (. imu cii hlglllliuince prove that the axon.s from tin* stimulated area re-enter 

of elecd.roencephalograpllic the corl»x at « ami b ; in the technical terminoloKy 

1 • • 1 ~ 1 * • eniriloved, areas a and b have been " tired ” froui tlie 

records is considered in .stimulated reuion. 

detail on p. 624. It is first 

necessary to discuss the fundamental (pie.stion of how cortical potentials are 
produced under the resting conditions described above. 

Mode of Production of “ Resting Cortical Potentials.—Two 
possible explanations will be considered : (a) the cortical , ceil§ possess aa^ 
i jdinrr^.pt 7 I'he sirio-auricular node) and, when not subjected 

tp external infiuences, sjiontaneously generate impulses at a regular rate ; 

(h) the discharge of the so-called resting cortical cells is due to a regularly 
recurring stimulus coming from another part of the brain. Experimental 
evidence shows that the “ resting ” cortieal discharge is due to the existence 
of a closed circuit consisting of corlej^thilamm-^cortex ; the cortex stimulates 
the thalamus wliich in turn stimulates the cortex again ; the cortical cells 
discharge every time the circuit is traversed. Hitherto psysiologists have 
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attempted to explain all types of neural activity sob'ly in tcvrms of reflex 
arcs of varying de<;rees of e()in]>lexitv. The closed eirenit. which may also be of 
varying complexity, represents a conception of mMirjil organization, hitherto 



Pl(i. 31)1.- >»\KaiaJ Huiimii KlectroenfephaloLoain (KEG). 

A. Normal n.M-ord tak*‘ii with vyt*s t-losod, shtnvin}; uli»hu waves. 

ii. Normal nrord. On opi'nifitf Mit* »>ye^ tin* rctml.ir aljdia rhytlmi is n-placfd by small 
irregular oscillation'', l lic normal waves return on ch^sinK the cy«.s. 'J’Jnic in .siHond.i. 


unrecognized, and one of great interest and importance. The evidence is as 
follows : 

(i) An eJrcfrocorficograin is olitained in animals by loading directly from 
the exposcjd surface of tlx? cerebral corte.x ; the reeord (Fig. Il\y2} resembles 
in a g(meral way the indirectly obtainefl eIectn)encephaIograin, in that it 
consists of a more or less regular series of [)ot,ential waves. In the motor 
area these waves are mainly generated by layer V ; thus if the outer four 

layers of the motor cortex are 



Fio. 392.—Klectrocorticogram from Motor 
Arm Area (A4) Jiraiij ol 
(l)u.sK(T dc Hanmne and McCulloch, 
Neurophysiol.) 

Note that thi.s record is t.'ik(?n directly from the surface 
of the cortex. 

(6) Transection of the brain stem at the 


destroyed, the record remains 
substantially unaltered in 
character; if laytjr V is also 
destroyed, the frequency of the 
waves becomes lower and their 
voltage becomes smaller. 

(ii) (a) The pottmtial waves 
in a re,s trie ted area are unaffected 
l»y a cit'cuUir rut wliich isolates 
th(5 region of cortex under 
examination from the re.st of 
the cerebral grey matUu*; on 
the other hand, midercuttimj the 
cortical area, that is, severing 
the white fibres (uitering and 
leaving it, abolishes the waves, 
proving that they are not 
generated ‘‘ spontaneously.’’ 
level of the medulla or mid brain 


does not significantly modify the waves; but they are abolished by a deep 
cut through the cerebral wliite matter severing the connections between the cortex 
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BEFORE UNDERCUTTING AFTER 

393.- -Soveriiig Thalamo-cortical Connections Abolishes the Resting 
Electrocorti(^ogniin. (Bareiino and McCulloch, J. NeurophysioL, 1941, 

/, 307.) 

Experiment on macaque under Dial antesthcaia. 

Kecorda on left, and rigid arc iakoii rtispectivcly before and .after deep undercutting of the aeiiaori-motor 
cortex (ua illustrated in the ctmtral panel), severing all thalaino-cortical cunuectiuus on that aide. 
A4, A2, A:'). A7 are records taken from arm areas 4 (motor), 2, .“>, 7 (sensory). Note the normal 
electrical activity in the controi n'cord^. After the undercutting operation, all electrical activity is 
abolished. 


and the thalamus (Fig. 393). Tiic resting electrocorticograiu thus dejiends on 
the integrity of tlie connections between cortex and thalamus. 

(c) A further clue is provided by the following exptuirnent. In certain 
states of anicstlH'sia, the cortical jiotential wav(*s occur in groups separated 
by intervals of inacti\’ity. .Appropriate stimulation of the medial thalamus 
during these' silent intervals can set up typical runs of alplia waves in tlie 
cortex (Fig. 394). 

The cxp('riinental results demonstrate the existenc(*- of a closed circuit, i.e. 


A 




I i f.iini .iiii.itiiii ij: ■ M •{MiiiiiiiiJixiiiiiiiiiiii iiinniLJiiimmiiuuLLl 

Ejo. 394.—Stimulation of Medial Thalamus Produces Cortical Potentials Resembling 
the Normal Resting Elcctroeiiccphalograra or Electrocorticogram. (M orison and 
Dempsey, Amtr. J. Physiol,) 

Lightly aunsthotlxed cat: electrocorticogram from middle suprasylvian gyrua. 

A. Spoutaneous electrical waves at frequency of 8-12 per second, appearing in bursts and alternating with 

periods of feeble electrical activity. 

B. During the period indicated by the signal (lowest line) the medial thalamus was stimulated at the 

ftcqucncy shown by the signal. Electrical waves develop In the cortex, resembling those of the normal 
electroencephalogram; the waves wax and wane in magnitude, and show a uniform frequency. 
These waves appear all over the cerebral cortex ; they appear in areas of cortex isolated except for 
their ttaalamo>oortical connections. 
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continuous How of nervous 
V\ impulses from cortex to thalamus 

' /p N. hack ii^^ain to cortex. The 

‘ARM kyfTj »*lA ^ thalamus stimulates tlie cx>rtex, 
y^\8?^ ,7A*^'.: J t'l^y M i^^^'ttin*; u]) the svuchronizerl dis- 

!jJ / ( charjie constitutiiiji the alpha 

/ ^ I M ^ Y waves; the cortex, hy a descending 

\ ^ discharge, reactivates the 

\c y/V ^ thalamus, and so the cycle 

continues. TJie cycle may be 
^^ ^ f / arrested in deej) sh'cp, with con- 

\ / y / sequent cessation of the cortical 

^ ^ waves, possibly because, of some 

Fio. non.—-Map of Cerebral Cortex of Chimpanzee blockatthethalamic level; tliecvcle 
Shomiig Position of, Suppressor lUntis isresuiucd on waking. These results 

(Shaded) 8 s, 4s, 2s, 1<»8. (McCulloch, in • , 4 - *1 J? 1 1 _ _ 

Buev, Precen/ru/ J/oior Cortex, 1944.) indicate that the cerehra cortex 

Area 4-motor area; areas 1, 5 »postcentral sensory is integrated With the thalamus 

to constitute a functioning unit. 

r»_ «_TT • 1 


Suppressor Bands. —Using the 
technique of physiological neurono¬ 
graphy, Barenne has demonstrated 
^e.jfig,iqn8 of_the cereb^^^^^ 
which, on being stimulated, abolish 
the resting cortical potentials. These 
I regions are known as suppressor 
/bands (Fig. 395); they arecalled, 
^respectively, area 4s, in the precentral 
cortex, lying between areas 4 and 6; 
area 8s, anterior to area 6 ; area 2s, 
in the postcentral cortex ; area 19s, 
anterior to the ‘‘ visuoj)sychic ” 
cortex ; and area 24s, in the cingular 
gyrus. The suppressor bands have 
two functions : 

(i) They inhibit the resting electro- 
corticogram, 

, (ii) They give rise to a long, 
j descending, relaying, inliibitory path- 
{ way w'hich decreases tlie activity of 
i the lower motor neurones. 

(1) SupprFsston of Electko- 
CORTICOORAM. —When strychnine is 
applied to any one of the suppressor 
bands, spikes appear in the same 
area; i.e. stimulated (jells in the 
suppressor band send ini])ulses which 
reach other parts of the same sii]>- 
pressor band; (when spikes appear 
in a cortical area, tluit area is said to 
be “fired”: an area that is fired is. 
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F’ig, 39G.—“ Firing Diagram ” RuiuinariHing 
Intra-corti(;al CunnectionH and Suppres- 
.sion Effects. (McCuUocb, in Huey, 
Precentral Motnr Cortex, 1944.) 

The top Him* ot the rliugraui iiiflicnies the (leHiunated 
cytoarchitectonic ar«*a. Strychnine was applied 
to the area indicated by a triancle, thus A. 
Y indicates the area to which iin[iul!sc.s pass, i.e., 
with winch connections are rnad(; ; are the 

areas wliich are ** lired." 'I'lie diacraiii shows 
tliat area 0 •' llrct, '* areas 8s, 4s, 4,1, a, 31); area 
4 “fires" areas i, ,'i ; .sensory area 1 “ ilrcs " 
areas 4, 4.s, 5, :jP. It is inten^tine to note tluit in 
addition to reccivinc inipnlses from sensory 
areas, the precentral motor areas also si'iid iin- 
{uilses liaek to the postcentral sensory and other 
areas as well down to lower levels in the hraiii 
and spinal cord. 

The diucrarn shows tliat each suppressor hand 
abolislies activity (shown hy a liorizontal line) 
in all the cortical areas studied except its own 

(which IK “ firiTl ”) 
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thus, one whiclr iiiifuilsrs from th« .strychiiine-stiiriulatfMl n^jrion). 

But if h^ads an* takoii from any othf^r cortical area it is found that stiniulatiori 

of the suf»])n*.s.sor hand <;auscs no _ 

inipulscs to he sent to otluu' cortical i ^ 

areas (/.c. thes(^ an^as are not fired); 

hut, as mentioned, the rostin;]; ” iilll li 

cortical ])Ot(Uitials in these regions are l|A A l|^||L jkmK A IkAAA 

cxtin"uish(Ml (disappearance of the wV 

cortical pot(‘nlials is shown in the control ^ 

“liriiij^ diatirain” hy a horizontal line, - 

thus ) (Fiii. Kiy:. 3h7 for 2 

example shows that stimulation 4 ^ _ ^ 

hand depresses the 
(*h*ctrica.l activity of the motor (jortex. 

Merhnvifou of Suppression. The after stimulation 

mechanism is the same lor all the _ 

supjiressor hands ; impulses pass dowm 3 

from the supjuessor hand to the | I 1 

vxmdate nucleus (Fi<i. 3h8) which is iAAAIAIAJLA 

''fired." From the caudate nucleus, 

impuls(‘s pass to th(^ tTuilainu^^ ~ 

is inhibited, as shown hv tlie fact * 

tliat the restiiifi thalamic potcmtials of _, 

an* d('pressed. ^ Inhibition of the Fjg. 3fi7. Supim'HsioTi ot' Kleetrical 
thalamus blocks the passage through Aclivily ii» Mot«)iCortex as a Result 

itofthenormulcortic()-thalamo-cortical (»f Stiimiluiiori of SuppiTssoF' P 

wiu.u, ^iuwin ti. 

cortical potentials. Iliese cortic.al nxiMTinM Ul in niuctxiuc uiulrr nturtlirsin. 

T)ot(*Iltials cousetiuentl V disapitear rrmnls arc takc'u rroin tin* face area ol the 

/I?- 000 4/»o\ motor cortex (area J •!>. 

(l^lgS. •lOo). 1. Control record showintr redini; aetivilj-. 

t ‘;eonw nn)l)uh]e that all n*<nniis of -• <«•*'*» miiiuks after application 

JL St LIUS prooaOH max .11J nyoris 01 of Strydminc to the sur>pressor hand Is. 

the COrt(*X maintain closed extatatorv Note tin* ^reat redm-Uon in tin* electrii*al 

-ii ii ;• I 1 • i.!.’ a<-tivitv ; the tall waves liave disappi*ared. 

circuits with the medial nucku ol the K,.,.or(i *tnken :{ minute.s later, .showing 

thalamus. The lateral nucleus of the retime 

thalamus, on the otlier hand, merely . ' 

relays iin])uls(*s from the skin and iprtsclcs of the face, arm, and l(*g to 
the“])Ostcentral cortex (Fig. 3r>7).j/The suppressor path from the cortex 


RETURN OF ACTWlTT I 
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'jG. 3fl7. Sup])n‘.ssi()7i of Klcetrical 
Activity ill MotorCortex as a Result 
of Stiiuul{ilit>ii of Suppressor’ P>au(l. 
(BHi'ennc, McCulloch, and (igawa, 
./. XeurophyxioL^ JIKJS, 7, 4.‘J8.) 

Lxperiinent in niaea<|iie under Dial aiuidiic.^ia. 

T’hc records arc taki'ii from f in* face aiva ol the 
motor cortex (area F*l>. 

1. Control record showintr rc<tintr activilj-. 

1 *. Kccord taken 11 ininutc.s after applicatifui 
of strychrdne to the snfiprcs.sor ham! l.s. 
Note tin* trreat rcdm'tion in tin* electrical 
a<-tivity ; the tall waves liavc disappi*ared. 

;>. .Record taken :{ minutes later, .showintr 
return of eli'cirieal aetivitv to flu* rontrol 
k'vri. 



Pro. 308. Stiniiilation of Stipirressor Baud Sets u]i Activity in (“Fires”) raudato 
iNucJeiis. (Barenire and Mc(?uIloch, J. Nemo physiol., J03S, 7, 3(i7.) 

Ke<‘ordH are taken from an electrode in the (‘aiidate uuclcui*. 

1. Control record. 

•i. Record taki^n r> minute.s after applyiim strychnine to the suppressor ImukI A-ls (j.c. the arm rejrion 
of this hand). 'J’he large upward sjiikes indicated by asterisks repre.sent activity developing in the 
caudate mieleus (“ firing ” of eauduk; nucleus). 

;i. Kecord taken JU ininuies later ; the induced activity has subsided. 
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via the caudate nucleus to the thalamus normally maintains a c^>niitiuotis 
inhibitory iiitlueiice on the h‘V(*l of the “ rostbia * cortical activity. 
fli*^hus an acute destructive lesion of tlie caudate nucleus ^severing the 




A4 




A 4 




A 4 


Fig. 399.—Stimulation of 

Caudate Nucleus Sup¬ 
presses Electrical Activ¬ 
ity in the 'rhalumus and 
in the Cerehral 
(Barenne and McCulloch, 
J. yeurophyftiol,^ 193S, /, 
372.) 

Kx[)«Tiin(*iit on iiiar:((|iir tiuMf-r IM.il 

In 1,2, JUid ;j till' nTrjriJ< truijj altovt? 
down wards an- : K. I’.O. ; t-t t- 
frh*al acthity nf niM-lru>. of 
tiiaiainun rothalaino^raiii i. 

A4 : •'Icrtrical artivitv «»r arm 
an-a of motor an-a 4. 

1 : rontrul n-rm-d'. >liowim' 
activity. 

•J : ^c^.•or^l^ taken ait« r ,-timiilati*in 
of caudate nucleus fiy local apidi- 
cation of strychnine. .\<»tc that 
there are lonjr periods in tin; 
records in which electrical activity 
is almo.^t cotnpletely .mip]ire.sr.ed. 

it: rcc(»rd taken later in wlii<-li the 
clcctricaJ activity lias ndurmd t<» 
its control level. 



i io. .too.— I >esi‘ciidiii;r Inluhitcuy Batliway lioin 
Suppressor Kaiids \ ia Ih tp-nlar Nuclei of 
Brain Stem to Spinal (’ord. (After 

MeCiilJoeh f/ fiL. J. 1941), 

U, 130.) 

Midsapittal rccoii.^tructiotj of hrain sti*m tmonkey) with 
c.cr«!l.>ial cortex .~np< rini|tO'ed (tlie pjirt> of tlie eere- 
hral cortex whirl* are treated .is transparent are 
jiKlicaled hy dotted liiii .s). 

4. 0, pn-ci-ntrai motor iorte\. I. pr>>.teentr.al sensory 
cortex. 48, 2fi. cortieal HU|jre^sor hands. MJ, mass;* 
interiijeilia. ( r. eorpii- eallo^iim. :i\. thir<l 
Ventricle, oc. Oldie ctiiaKiiia. SC. su|ierior eotlieiili. 
l;C, pediiiiciili. 1', |)ons. A, a<pieductiis 

sylvii. <. ccj-cliclluiii. 1\, (oiirtli \enlii<-lc. (.* 
olive. H. hy|iO"los‘(:d niielctis. I*\, pyramid. 

• . tin- n-jrifj|i ttf hr;iin >teni inurlri uf rrUriilur 
fufuHitiom whit li i> " hied ” t;ietivaled) wlten tin 
et>rtieal suppre^Kor hiind> l>. ;*re stimulated. 
SHmnlaHnn of Uf hrain sfrin rrfjion - ' {rUlrnfar 

nuflrii inhihitfi Uo' M/iinifl motor iirnroin's. 'flic 
de.scendinir lii>r< s from 4s ami riiu in thi pyramidal 
tract ill On* Iwisis pediim-iili and jams : they an* cul 
hy a sec-timi tlirouirh the liasis )iediinciili jit n. 'I'hey 
end in tlie rctieular formation of the pons and 
nuMiulia ; tlie next relay, the relicnltispimil llhres, are 
not cut iiv a .section at // f hroufjii tfie upper metiuJJary 
tjyrainid. 


suppressor pathway) is followed by the development of exofigeraled 
electrical activity botli in the thalamus and in the cerebral cortex, It 
follows that impulses from a ny sourc e that modify the ex citability of tHe 
medial thalamic nuclei may alter the arnydit ude, froguenj^, ami other 
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(iharactf^rs of the resting ^^^^^trorortirogranni or gk Stimu¬ 

lation of the hypothalamus (surprisingly) sendrini’pufses up the thalamus 
and alters the pattern of 


cortical activity. The waves 
in the electroencephalograjn 
may thus be expected to 
show characteristic features in 
different individuals according 
to their emotional or mental 
make-up, or the state of health 
(or disease) of the. organs in 
general. 

(2) Dkscendikg Inhibi¬ 
tory Pathway to Lower 
Motor Neurones. • From 
the su})]i lessor bands 
descending fibres arise whic*li 
give collaterals to the caudate 
Huejeus and receive descending 
libres from that nucleus. The 
fibres from the cortex and 
caudate nucleus end in the. 
'iiitcle( of the reticular J'onna- 
tlon throughout the Tifain 
stem (}). 702 ; Fig. 400). From 
these nucl(‘i, r^ticuhisjiinal 
fibres arise which end round 
the cranial and sjiinal lower 
motor neuron(!S and inhihif 




Fio. 40J.—DmM^mJing Jfitiibitorv Pathways from 
of Jlelirular hormatiuii of Brain Stem. 
(Miigouii ainl 7. Seurophysiol.^ 1JM6, ,9, 

J (>">.) 

A. Jairliit? low«r intprujil (p.' i*** 

Irart) })roilii(<- Ih xiou i»f liint linih. Diirint! 
iiiaHT siKiiul : stiinuhiU’ n lk iiiar iniolit in t»r.‘uu sictn. 
T**nifiorary iiiliibitioii «»t' muscular ronlractiun. 
li. Records fnuii above downwards : knuv-jerk : Ilcxor 
rcllux ; blink rcllcx (elicited at 2 see. intervals) ; .sijrnal 
line. TMirtnu si^utal : stimulaU* reticular nuclei. All 
I he rellcxcs are iiiliibited. In tb« (wiKse of the knee-jerk 
there is |> 0 '«t-in}iiliiti)r>' rehfuind. 

Kceords from abovi' (iowMward.s ; eontrueliou.s of fore 
limb aii<i euntriietioi) of hind limb olieiteil by stimuli 
applied at short intervals to motor cjtrtex ; siKnal line. 
Durinvr si^znal : stimulate reticular nuclei. T«*mporHry 
iiihihitioii of rc.spoiisc.s followed 1)> soiiuf rebound. 


their activity. 

The functions of this inliibitory pathway an* illustrated by the following 
observations. 

(i) li^tiniulution of the supjire.s.sor area abolishes muscle tone and inhibits 
anv nioyemeuts wliicdi are taking jda ee at tbe time" Stimulation of the 

.. relay nuclei in the 

reticular formation like¬ 
wise produces inhibitory 
effects; it inhibits reflexes 
invohing the face (e.g. 
blink reflex), the. arm or 
the leg {e.g. knee-jerk) 
(Fig. 401). ' 

(ii) A cortical motor 
point is stimulated at 
regular intervals t() 
produce a movement, e.g. 
wrist extension. While 
this background activity 
is taking place the suppressor area 4s is stimulated for a short time. After a 
latent jieriod, theniuscular contractions in response to motor cortex stimulation, 



Fjg. 402. — 8timnla1ioi: of S!J]>|m*s.sor Jhind Annuls 
EfTcirt. of Siimuhiling Motor ('orlox. (Hnroniu* and 
Mcrulloch, J. Nevrophysiol.^ 1941, 4, 315.) 

Stimulate arm area (A<l) of motor cort«‘X to produce wrist, extension 
At intervals of oik* minute throiiKhout tlie I'ijii. At the 
arrow, />riV/ stimulation of suppri-ssor urea 4s. Xoto that the 
response to motor c?orlex KiimiilHtfon r:i()idly disappe^trs and 
tin'll slow ly recovers. Time in inimitca. 
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diminish and ultimately disappear: rerovery of the res])onse ^rnidually 
develops (Fig. 402). It may be coneluded that tlie inhibitory pathway from 
the suppressor area to the spinal eord compet(^s with and gradually annuls 
the excitatory effect at the spinal motor neurones produced by impulses 
passing in the jnTamidifl jiathway. • 

(iii) Extirpation of area releas es the lower motor nell^t)n^^s frprn a^t^^^^ 
iiihihit'OQMjdiueirce thus giving risi^tp |ncr(»a.^d 

(Jistrilmtion (spasticity) and exaggerated deep reflexes. Thes(^ changes are 
similar to thos<; observed in clinical hemij.degia. 'J'he inhibitory fibres from 
area 4s are j)robHl)ly intermingled with the jn'raniidal tract fibres in the 
internal capsi^\ in the midbrain [basis yM‘duncnii] and in tin* pons. Tlie 
next relay, tfie inhibitory reticulospinal fibres, an* not associated with tin* 
pjTarnidal fibres in tin* m(*diilla (Fig. 400), but may rejoin them in the spinal 
cord. It is likely that the changes in postnie and reflexes in clinical hemi])h‘gia 
are not due to injury to the jiyramidal tracts but to involvement of tlie 
inhibitory jiathway (p. 615). 

As area 4s is so closely associated anatomically with th(' motor area 
(Fig. 407) the results of stimulation or extir]»ation of the motor area may lie 
seriously modified by accidental involvement of tlie suppressor area. 


CLINICAL ELE(rrKOENCEPnAL()CRA?llY ^ 

Tin; objects of clinical EEC recording are :— 

(i) to obtain an idea of the distribution of tlu^ elt‘ctri(;al acti\'ity over as 
wide an area of the cortiiail surface as possible ; 

(ii) to observe, simultaneously, activity arising in different ])arts of the 
brain: 

(iii) to obtain a continuous recording for as long a jieriod as jiossible 
from various [larts of the brain so as not to miss abnormal activity which 
may occur only sfioradically ; 

(iv) to observe the response to certain standard test situations (rrol'vd 
activity). To attain the.se objects it is desirable to use a multifile ani|)lifier 
EEC machine which enabhvs several records to be obtained simultaneously. 
Usually six siriiultaneous tracings are taken. Many electrodes are placed on 
the scalp and connected in pairs to the EEC machine so as to givi* antero- 
po.sterior and transverse cross sections ' of the brain in all areas. Each 
tracing (Fig. 403) is a comyilex rhythmic wave which seldom, if ever, repeats 
itself precisely. 

It is an obvious fireliminary to the classification of abnormal rhythms 
that there should be some method of analysing and classifying the “ normal ” 
record in all its range of variation. This difiicnlt undertaking can he accom¬ 
plished instrumentally. The analyser most widely used in Britain makes, 
automatically, an analysis of the EEC tracing every 10 seconds, and writes 
out a hi.stogram of the wave coirifioncnts underneath the complex wave 
tracing to which the analysis refers (Fig. 403), The analyser gives the answer 
in terms of the relative amjilitudes of the pure wave (sine wave) components 
present in the complex wave analysed. This form of analysis is known as 

i Kes. Publ. Ashoc. ihtv. rnent. Epihpuy^ 1947. Gibbs and Gibbs, Atlas €if 

KUclroencephalography, 1941 ; vol. I, 2nd edn., Massadiu-setts, 1950. Hill and I'arr, 
Electroencephalography, London, 1950. 

Section oontributcfl by W. F. Floyd. 
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Fourier unalysis and is a]>plicable to any (•oiii[)lex recurriiiii^ waveform (e.q 
sound wav(is ; the eoclilea is an acoustic analyser, o[)<*raling in a similar 
manner). 

For conveniimce of description the frequency spectrum from 1 to 30 cyc.les 
per sec. (c/s) is divided into five bands as sfiown in the following tal)le. This 
range c-o\'ers all tln‘ fre(juenci(‘s present in most EE(t records to which 
attention has so far been ])aid. 


Frejjuennj c/s. 

Hand. 

i-3r; 

delta (<^) 

4-7 

theta (0) 

8 13 

alj>ha (a) 

11 18 

{;}) 

liO 30 

gamma ( 


Tlie alpha rhytlim is tlie main rhythm ordinarily found in the nortnal 
adult; its amplitude is some 50//V. It is usually a complex wav(j with two 



TIME I SEC. 

the. 4(Kh Xijnnal lluiuan Kleclroenceph.‘il»>gr;nn and its Analysis. 

I |i|»cr fcronl : ll.K.O., Cliaimrl 

Th<‘ <Iis|i<)siii(Mi ()( Jln' siirfiu.’f on llm Ih'JkI I.s >lio\vr> in inM f. Hop front, hottoni hack 

of iic;nl). 

J^oMtT rcconl ; .Analysivi of ChaiirM’l 

Till- hflL'iit rij wave, is proportional to the iiiaL'nitinIc of tin* cfnitrilmtion of the i)arlicnlar 
wave freipleney. 

or three pure wave ct)mponents, all of which lie witliin the alplia band (as 
defined al)ov(^), but the relative amplitudes of tlie components may vary 
continuously. The alpha rhythm is present maximally in the occipital and 
})arieto-occipital area, and is usually diminislied during visual activity and 
mental effort,. The al])ha rhythm as thus defined is not simjily rliythmic 
activity falling in a particmlar frequency range (8-13 c/s), but it involves 
cortical localisation and a particular response characteristic. However, the 
term “ al|)]ia rhythm ” is sometimes used more loosely to describe any 
rliythmic activity tin* freijiiency of wliich lies within the aljiha range. 

In some adults a low amplitude (10 /A') theta rhythm is also found, 
usually' over the parietal and tenqioral areas. During sleep, delta waves 
may appear, and may reach an amplitude of 100 /^V, and are found diffusely 
over all areas of the brain. 

In children, electrical activity is yireseiit in the brain from birth onwards, 
but can only be recorded at first during sleep. From 3 months of age onwards, 
rhythmic ac.tivity is detectable in the occipital region, at first at 3-4 c/s and 
increasing in frequency as the age advances. The normal adult rhythm is 
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j ftstahlishod In old tho inaturatiori process is reversed, 

j senility bein^ iicconipanied by some slowing of the rhytlini. 

1 Evoked Activity.- Tliree nietlu)ds are (joniinonly used in clinical work 
to evoke EEG res|»onse })atterns. 

(i) Overventilation. The response of the normal subject to overventila- 



Fic. 404.—Klf^c1r()f.*ncf])haJf)gram in an attaok u\' Ptlit Mat. 
in-cnrcl-i fnuii a})Ovt* downwimls : rhaiiiail 1 (riRlit), 2 Oell.), M friifht), 

4 (1*41), r» (ri^lit). <i < 1**11). lii.sc.t slKiWK disposition of surface clocl nxlcs 
*m head il. 2. Jint<'rU»r ; 5, 0, posUTlor). 

iiart of r<‘r(.*riis : normal waves. At sUcnnl : Atta<'k seta in. 

\ot*r “ Spike and Wavii " iu all leads. 

tion for several minutes is often nil, but wide variation is seen. The procedure 
may evoke high voltage delta activity of 2-3 c/s : sometimes theta activity 
(4-7 c/s) is also presc*nt. The delta activity af)pears in 1-2 miinites and 
ceases within a few seconds of cessation of overvcntilatioii. The clinical 
test is usually a 3-4 minute period of overbreatliing (marked increase of 
depth but not usually of rate). 

(ii) Photic Stimulation. A powerful flashing light is directed into the eyes 





ABNORMAL EEC RHYTHMS r>L>7 

un(j tlK:* fr(M|ueiicy of llasliiiig iK vari«^(l. Normal subjects show a varic‘ty of 
responses, of which one of tlie commoner is tlie apjx'arance of the flicker 
frequency as a component of the KK(i rliythm. 

(iii) Chenrical Stinmlaliov, (V*rtain drugs, e.g. ]ei)tfizol (])entamethyJ- 
enetetrazole), or insulin, Jire administcu’ed, usually intravenously, in an 



Fin. 40/5.—Electroen<*ej)halop:rnni stunviiip; * Vovuh." 

Inset : Disposition of cleetrofio jioross anterior part of iiejui. 

Kecorils Iroiii above downwarcis; Cliannel 1 (rifrlit), 2 imuliine;, ;{ (Idt). 

Kx.'iiiiiTie part of eitanttels L’ ami o luarkc'd by tlie rij^hl liorizonial line. 

Corresponding waves Imve bi'en indicated by tlie connecting dotted 
lines. >\)te that eaeh wave in chamiel 2 is similar in slia])e to the 
wave in ehuiinel :j, Jait is oppositf in dirertion. This finding demon- 
si rates tlint tiu^ alinornuil focus is under the eiectroile wdiicli is 
eotiinion to channels a ami 2 (niarkeii iiy arrow in inset). 

attempt to diagnose e]dlepsy by the abnormal rhythms so evoked in epile]>tic 
subjc»cts. 

Abnormal Rhythms.— Cerebral dysrliythmia is found in a variety of 
pathological states, of wliich the more important for diagnostic purposes 
are : the cpilejisies, local cerebral lesions, {e.g. abscess, tumour, or trauma), 
infective conditions aJI8 degenerative processes. The spike and wave com¬ 
plex (“ dart and dome ” of the American literature) is the commonest 
feature of epileptic records (Fig. 404). The simplest type of spike and wave 
complex consists of a single spike associated with each wave ; the waves 
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occur most often at about 3 per sec. The spike amplitude is variable over 
different areas of the brain, but the wave amjditude is more constant and may 
reach -1 mV or more. The complex occurs s})ontaiieously in the resting record 
of epileptic subjects (most often in petit nial). As a single isolated complex 
appearing in one or more leado it is usually unaccompanied by any change in 
consciousmvss : as a repeated pattern of cerebral discharge^ it is generally 
accompanied by a minor attack with the usual clinical manifestations, such 
as, fixation of head (e.g. rotation to left, or right ). ey(‘s open and staring, and 
transient loss of consciousness. Tin* repeated spilct^ and wave j)attern a])y)ears 
also as a n'sponse to overventilation in some epileptics. Its ])resence in an 
hlEG record is diagnostic of e])ilepsy, but not necessarily of a particular 
clinical entity such as petit mal ; other featun*s of tlu' record and the patient ’s 
clinical history have to be taken into account in making a diagnosis. It is 
also found in some patients with cerebra.1 injury or tumours, but usually 
in these cases tin? comjdex is strictly localised to the vi(;initv of the lesion. 

In about oO^'o of patients subject to major seizun‘s. the inter-seizure EE(J 



l p|n!r Kcroni ; KJiO, clianiu*! 4, Lowt-r Hoconl ; aiiiilysis of channel 4. Compare normal 
tindiugs in Tig. 4u:{). 


record is normal. In the remainder the abnormal features, including the 
over ventilation record, cover a wide variety of j)atterns, e.g. the presences of 
delta waves, theta waves, or fast activity (mainly ])eta). 

It is rare for an EEG recording to coincide with a major fit. Such records 
of the major fit as have been made contain high frequency components 
(mainly in the form of “ sfiikes during tlie tonic and clonic stages of the 
seizure", preceded and followed by a rhythm containing both delta and theta 
activity compornuits. 

EEG records containing typical epileptic wave patterns (e.g. spike and 
wave complexes or paroxysmal spike discharges) are found in certain cases 
of cerebral tumour or trauma. This epileptiform activity is usually restricted 
to the area of the brain involved in the lesion and the abnormal activity 
shows a “ focus ” area, i.e. the wave pattern appears on each side of the focus 
but in opposite polarity (Fig. 405), thus producing a reversal of the phase of 
the spikes or the w'aves over the site of origin (“ focus ”). 

The typical EEG record of an intracranial tumour is one in which slow 
wave activity is tlie dominant feature ; the record is often of high voltage 
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(100 //V or moro) and the delta rhythm component shows a focus in the 
vicinity of the tumour. In addition tlierc^ may be a theta rhythm present 
(but usually only if the tumour is dcej) seated) as well as tlie normal alpha 
rhythm components. Tlie delta wavtis are often quite irregular in form and 
occurrence, but may be ju’eseiit as a semi-continuous train of constant ampli¬ 
tude almost sinusoidal waves (Fig. 106). The soiirct^ of the a])normal delta 
rhythm is not the lesion its(df but the adjoining cerebral tissue which is under 
the mechanical stress set up by the tumour tissue*. The efle.ct of mechanical 
finissure on normal cortical tissue is to (*voke slow wave activity. The greater 
the rate of increase of pressure, the slower the indiua^d rhythm and the 
greater its amjditude. Small, slowly growing tumours (e.g. benign tumours) 
are not so readily detected, therefore, by electroencepfialograpliy as are 
rapidly growing tumours (e.g, an astr(»cytoma). 


EXCITOMOTOR AREAS. PYRAMIDAL TRACTS. 
CLINICAL HEMIPLEGIA i 

Excitomotor Areas. —The term excitomotor area is generally applied 
to that part of the cortex of the frontal lobes which on stimulation gives rise 
to skeletal muscle responses. As this region lies anterior to the central sulcus 
it is commonly called the 
precentral motor cortex. It is 
divisible into several cytoarchi- 
tectonically distinct zones (Fig. 

407) with fairly distinctive 
functions. 

(1) Area 4. —This occupies 
almost the whole length of the 
precentral gyrus; it extends back 
into the central sulcus itself and 
over on.to.the medial surface 
of the hemisphere. 

Area 4 is the main region of 
origin of the pyramidal tracts 
(some of these fibres, however, also 
arise from area 6). Stimulation of 
this region ])roduces co-ordinated 
movements of the o})posite face, 
arm, and leg; area 4 is tlius 
frequently called the “ true ” 
motor cortex (p. 633). The 
pyramidal tracts are fully 
considered on p. 632. 

I (2) Area 6.—This area mainly 

'gives rise to a long descending 
relaying excilalory pathway sometimes called the extrapyramidal tract; (some 
of these fibres also arise in area 4). The fi bres relay successive) v in the following 

lies. Publ. Assoc. Res. nerv7ment. Dis., LocMization of Function of Cerebral Cortex, 
1934 ; Frontal Lobes, 1948. Hines, liioL Rev,, 1943, IS, 1. Bury, Precentral Motor Cortex, 
1944 ; 2nd edn., 1949. Walshe, lirnin, 1942, €/i, 409. 



407. -Diagram of Precentral Motor Cortex 
in Man. (After Bonin, in Buev, Precentral 
Motor Cortex, lhiivcr.sitv of Illinois Press, 
1944.) 

Ariia 4 is divided into three zones : 

4y, oontsiiiis •’ Khint" Retz cells. 4a, contains no giant 
hetz cells. 47—arc.a la (Walker). A — R‘’t.z cells in 
postcentral area. 4s^siipj>re.ssor band. 8, contains 
fronttd eyefleld and sup])ressor baud 8s. 
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j^rey masses (Fig. 4U8) |)utaijjen aud globus pallidus (of lenticular nucleus); 
thaianius; hypothalamus; nuclei of reticular formation in the dorsal 
part of the brain stein ; the last relay, the r^tticnloapinal filtfcs, ends round the 
lower motor neurones. The following exp(*riments illustrate the probable 
function of these fibres. 

(i) After destruction of the pyramidal tract, stimulation of area 6 is said 
to produce rotation movements of the head, eyes, and trunk in the opposite 
direction, and the oppositt? limbs carry out comj)lcx co-ordinated movements 

suppR. 6fac. suppr.S^ > 



Fia. 40S. —Dwt*iiding ]*athways fn.nu ral Motor Cortex. 

(•ort.Xucl. (-ortiooniKrloar ^frora fnaifal 

rort. Bulb.--soorticohuJbur llbr«;.' (from " face ’’ aiva). 

Cort.8p."('ortico«pinul flbr«'^ (pyramitial ira« ts). 

Suppr.---suppnjs.sor bands ie.tj., •t'*, 

1, •* iniiibitory " pathway from suppri s>or barnl to reticular formation stinmIatinK 
nuclei tiiere. 

‘2, reticulospinal ilbren inhihiiimj spinal motor neurones. Section of 1 or 2 procluccs 
“ spasticity.” 

Kac. cortical facilitatory area (in area C). 

3, 4, a, desccoding facilitatory pathway stiuiiilating Kfiirial ini/tor neurones. 

3, area 6 to globus pallidus, etc. 

•1, globus pallidus, thalamus and hypothalamus, to rctlcul.nr formation. 

5, reticulospinal fibres, which excite, the .spinal motor neurones. 

llial thalamus. 

Caud.Niicl. = caudate nucleus. 

0, fibres from cortex to thalamus. 

8. thalamo-cortical fibres. 

1), 8, this circuit mairitaios resting clcctroeorticograin. 

6, from .suppressor baml to .stimulate caml.au* uueleu.s. 

7, from caudate nuclciis txi inhibit, tliulamus. 

0, 7, sujjprcsses resting clectrocorticogrum. 

of a flexor or extensor character. These responses may lx* mediated by this 
extra-pyramidal path. 

(ii) Stimulation of the hypothalamus facilitates the response to motor 
cortex stimulation. The experimental procedure is as follows: the excito- 
motor cortex is stimulated weakly to produce, say, slight flexion of the ankle 
of one hind limb. The cortical stimulus is then combined with appropriate 
hypothalamic stimulation (the latter alone is without effect on movement); 
the combined stimulation gives rise to movements which are more powerful 
f nd widespread. e,g. the response may now’ cohsisT ol powerl'ul nexion ol all 
the joints of the hind limb accompanied by flexion of the fore limb (cf. Fig. 
409, A). 

Hypothalamic stimulation similarly facilitates the response to stimulation 
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of tlin medullary pyramid even aft^r rerrioval of tha eMlire cerebral cortex. The 
liypothalanius thus produces its eff^'.ct by inearis ol* a descending pathway to 
the lower motor neurones. 

(iii) facilitation of th<‘ eff(‘cts of pyramidal tract stimulation is also 
obtain(^d on stimulating the tlialamus and the reticular formation of the 
brain stem, in other words, any part of the facilitatory pathway detailed 
above. 

(iv) Hypothalamic stimulation may facilitate the knee-jerk (Fiji. 409, B). 

(v) This faQilitatoiy mechanism is fiossibly damaji(*d in Parkinson’s 
disease; the excita¬ 
bility of the lower 
motor neurones 
would th(‘n be de¬ 
creased leading to the 
(diaractc^ristic weak¬ 
ness and paucity of 
voluntary movement 

(p. br»9). 

(3) Area 8. —The 
part of area 8 
which is mainly in 
the middle frontal 
convolution is tlie 
frontal cyefield whicli 
controls eyeball 
movements tlirough 
its descending corti¬ 
conuclear tract (Fig. 

408). These fibres 
descend in the 
anterior limb of the 
internal capsule, 
then in th<* medial 
fifth of the pes pe- 
dunculi and finally 
pass dorsal ly to 
supply the eye nuclei 
of the opposite side 
(p. ()37).i 

(4) Akeas 8s and 
4s (Fig. 395).-These are two of the su])prc.ssor bands (]». 020). 

Two other iin])ortant connections oi the e.vcitoniotor cortex should be 
mentioned. 

(1) (Joriico-Pontine Fibra. These arise mainly in areas 4 and 6 (but 
also from the temporal, occii»ital, and jiarietal lobes) to end round the nuclei 
pontis ; the impulses are relayed via the brachium pontis to the neocerebellum 
of the 0 })j) 0 site side. 

(2) Cortico’Thalamic Fibrcs.—As from most other parts of the cortex, 

^ Another area controlling eyeball movements is found in the occipital lobe (areas 
17 and 18) {occipital eyejidd). 



Magonri,,/. SttirojiliyfiioL, lt)4b. 0, 21!).) 

Monkey. 

A. 'J'hnmjjjhout tlu- n^'ord, stiinulut'* motor cortt'X at 2 sec. Intervals; 
iniliaily Uinv i- no rvsponsi- ol tin* linil). 

Diiiimf <ltsc.‘nt of simiiil, A. stimulate hypothalamus; rorth*al 
im|tulsfs arc facilit,Ht<*«l (at the vctUral luun «r»‘lls) and the limb 
contracts, (.’stiuuilatr hyjudhalamus alone ; no cllccl on limb.) 
n. Throuuhoui the rct-onl, elicit Um>« -jt-rk at 2 .sec. intervals. 

nurinmlcsccnt of sijiual, R. sUimilatc hypolhulamiis The kiU'ojtTk 
l.< facilitated tfhc response is enliam-rd). 




PYRAMIDAL TRACTS 


fibres descend from the excitomotor area to the thalamiia formiiijj jiart of the 
closed circuit consisting of cortex- thalamus cortex. 

Some of the principal descending fibres from tlie prc^central cortex are 
shown diagrammatically in Fig. 408. 

Pyramidal Tracts.—Tlles(^ ]mss from tlie motor area to the spinal ventral 
horn cells and to all the motor cranial nuclei except those sup[»lying the 
external eye muscles. The jiyramidal tracts and their c(*lls of origin constitute 
the upper motor neurone ; the spinal and cranial motor mmrones constitute 
the lower motor neurone (p. *199). The jiyramidal tract fibres to the spinal 
ventral horn cells constitute the corticospinal tract ; the fibres to the motor 
cranial nuclei constitute the. corticohvlhar tract. In man the pyramidal tract 
fibres number about one million, of which 40% are non-myelinated. The 
diameter of the myelinatiid fibres varies bet ween 1 and 20 // ; tlui great 
majority {o\cr 80%,) are 3 // or less, only 4^^;, are over 10 ;/ and 2*% are 11- 
20 // (Fig. 410). As the velocity of conduction in nerve fibres is din^ctly pro- 

_ portional t<» their diameter 

^ \ " . "' ' ' ' " ‘ (p. 492) it follows that the 

^ 7000 -H - pyramidal tract is over- 

^ 6000 - \ - whelmingly a slowly con- 

Q \ ducting pathway. The 

[jj 5000 - 5 - pyramidal tracts arise from 

^ 4000 - \\ - pyramidal shaped cells of 

y 'Knnn - \ (both large and 

^ \ " small) ^ situated in layer M 

2000 “ \ "of the motor area, i.e.] 

^ 1000 - but some of the! 

, I, . fibres how^ever arise in area 6[ 

13 5 7 9 11 13 tS !7 19 407).^ 

DJAWSTER IM MICRONS CoTTRSE OF THE PyRA- 

Fia. 410.—Distribution of Diameter of Myelinated f 

Fibres of Corticospinal Tract in Man. (Lussek, 412).— The pyramidal tracts 
./. comp. Neurol., 1942, 76, 219.) converge from the precentral 

cortex through the corona 
.Xadifl-ta-to reach the i nternal capsu le. This is a mass of white fibres lying between 
the basal ganglia, limited laterally by the lenticular nucleus and medially by the 
caudate nucleus and thalamus. In horizontal section the internal capsule is 
V-shaped, the point of the V looking medially. The pyramidal tracts lie in 
the bend [the genu], and the anterior two-thirds of the posterior limb [occipital 
part]. The fibres from before backwards are concerned with the control of 
head, shoulder, elbow, wrist, fingers, trunk, hip, knee, and toe movements in 
the order named. (It should be noted that ertrapyramidal fibres, both 
excitatory and inhibitory are intermingled here with the pyramidal fibres). 
Immediately behind the pyramidal tracts lies the condensed sensory path, 
and the visual path a little fartlier back. More posteriorly still lie the 
auditory fibres and the temporopontine tract. In the anterior limb [frontal 
part] are found fibres from the frontal lobes mainly (and also from the 
^ The largest pyramidal cells in layer V of area 4 are called Hetz cc?lls ; they arc 
most numerous in the leg area and fewest in the face area. They only number .‘b'j,000 in 
all and thus can only give rise to 5% of the fibres of the corticospinal tract. 

® Some workers claim that the cortical area of origin is wider and that some of the 
I)yramidal fibres arise from the ])aru;tal and temporal lobets also. 


13 5 7 9 11 13 IS 17 19 

DIAMETER IM MICRONS 

Fia. 410.—Distribution of Diameter of Myelinated 
Fibres of Corticospinal Tract in Man. (Lussek, 
./. comp. Neurol., 1942, 76, 219.) 
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parietal and temporal lobes), to the basal ganglia, the eye nuclei (cortico¬ 
nuclear fibres, p. 637), and other regions of the brain stem (especially the pons). 
Obviously a small injury in this region can produce most widespread motor 
and sensory disturbances (Fig. 411). 

In the crus th (" T) \:rarnidal fibr es lie ventral to the substantia nigra, oeciipy- 
ing the middle Three-?ifths of this rerrion . [ The medial liftli c arries the c ortico - 
nu(;lea r and fronto])ontin (\ and the la teral fifth th(»- te niporoT)ontin e, CTTresT] 
til the ])ons the ])yramidal fibres are tiro ken ’u p i n to a seri(\s oL scattered 
bundles by the nuclei })ontis and the crossing fibres of the* brachium pontis. 
Stimulation of the cut surface of the, crus and pons in the a])e shows 
that there is well-marked localization of the pyramidal filings for dilferent 
parts of the. body (Fig. 412, 1). From 
without inwards the order of the fibres ^ 
is foot, hij) and kiUHis, abdomen and 

chest, fingers and wrist, face and tongue. /cnVTH.F . „Putam 

Throughout the brain stem, the corticobulbar [ 

fibres are crossing to reach the motor VX.. pQce \ 

cranial nuclei of the opposite side. In p .! 

the medulla the corticospinal fibres reunite ^ ‘ I I T k ’> 

to form a compact ventrally projecting / t J 7 : 

mass, the 'pyramid. The pyramidal tracts ( A 

were so named because they were recognized 1 — Sensation 

as the tract in the pyramid (and not be- V * Vision 

cause they arise in pyramidal shaped cells 

in the cerebral cortex). In the lower .Auditory 

jiart of the medulla, the main pyramidal ’“'“T.R 

decussation takes place (Fig. 412, III). „ , . , « 

^ ^ _ 411. — Horizontal Section 

Most of the fibres cross over to the Through the Base of the Brain to 
opposite side and dorsally, to come to show the Basal Ganglia and the 

lie in the lateral columns of the spinal Internal Capsule ( Diagrammatic). 

cord as the crossed pvramidal [lateral M.L.-Middle line; pyramidal tract 
. . n . . Cl / u .^ 1 .- 0 ' •=* Caudate nucleus; Th. 

corticospinal] tract. home (about J0\o rhalamus; Th.r. = Thalamo-frontal 

of the fibres) stay on their own side an.J 

in their original position and continue gi.p.—G lobus puiiidus; i..N.=Lenticu- 

into the cord close to the anterior r.P.^i>mpor„.,K.ntine 

median fissure as the direct pyramidal 

[anterior corticospinal] tract (Fig. 412, IV). The crossed fibres ultimately 
eonneet dir(‘ctlv and via dor.sal interneurones witli ventral horn cells. 

The direct pyramidal fibres are of some practical significance as they may 
be responsible in part for recovery of function after injury to the crossed 
pyramidal fibres ; the direct pyramidal fibres do not as a rule exUmd beyon d 
the lawyer cervical or midthoracic region. The pyramidal nhres Imally end 
round shTirt internuncial neurones (situated in the dorsal grey matter of 
the spinal cord) from which the impulses are relayed to the ventral horn 

Effects of Stimulating Motor Area. 1. Results in Apes.^ In the 

apes the motor area occu])ies the wdiole length of the precentral convolution ; 
it extends backwards into the fissure of Rolando [sulcus centralis] (about 
one-third of the excitoniotor area is “ buried ” in the fissure), but never 
Sherrington and Leyton, Quart. J. exp. Physiol.^ 1917, lit 135. 


- Putam. 
^--GL.P. 


/ Y;:::^T---j-i---Trunk } 

iTK^yr"‘-*5 ^ 

1 ^---’-Sensation 

\ ’Vision 

.Auditory 

Fig. 411. — Horizontal Section 
Through the Base of the Brain to 
Show the Basal Ganglia and the 
Infernal Capsule (Diagrammatic). 

M.L.—Middle line; Pyr. - Pyramidal tract 
C.N. — Caudate nucleus; Th. 
I'halamus; Th.K. = Titalamu-froiital 
tract; K.P. — Fr()nto-T>ontin(» and Cortico¬ 
nuclear flbres ; Putam. = Piitninen ; 
Gl.P. —Globus pullidus ; l..N. = Lenticu¬ 
lar nucleus; T.P. ^'I’emporo-pontine 
fibres. 

The crossed fibres ultimately 
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on to the postcentral convolution. At its upper edge it extends down on 
to the medial surface of the hemisphere. Its anterior limit is variable and 
frequently indefinite ; it may cross into the superior and inferior precentral 
fissures (Fig. 413). (In the ape, at least, it seems that the motor area does 
not correspond precisely to area 4.) 

Electrical stimulation of this region gives rise to coordinated movements 

on the opposite side of the body. The 
^ \ hiw of reciprocal innervation holds frood 

J V. here: the fuitafioiiists relax simultane- 



ously with the fjontraction of th(5 
protagonists. There are well-d(‘fined 
areas in the cortex which give rise to 
sj)eGific mo vements which are. re.stricted 
to narrowly limit(*d parts of the 
body; such restri(!ted movements are 
often called “ discrete ” movements. 
Generally speaking, tlie body is re¬ 
presented upside down in the cortex, 
t.e. if stimulation is carried out in the 
excitomotor area from below upwards, 
bodily movements are produced in the 
following order ; larynx, tongue, jaw, 
mouth, nose, eyelid, ear, neck, hand, 
wrist, elbow, shoulder, chest, abdomen, 
hip, knee, ankle, toes, perineal muscles. 
The hand is the part of tin* arm 

Fio. 412.—CVjursp of Fyrainidal TnictH 
in Apo. (AitcT Lc'ytoii and Skprrinp- 
t<»n. Quart. J. erp. Phy.^wl.^ 1917, 
77.) 

I. MHbrain. 

II. Poua. 

III. MiMiulla (at of <b:<Mi.ssati«n of i)yrumi»lal 

trarts). 

IV. Spinal Coni p-tTvical rculon). 

I. Stimulation of tin; p<iint.s I, .'I, 2, 1 in t.hf* 

niiilbrain uavo riso to niovernentR in tl»o 
oppositt* siiif! of fai r, nerk, arm, trunk Aini 
h'H respectively. 

II. StiinuJation of tiie |ioints V, A, b, in pons 

proiluc(‘il nH)vcments in the oppo.site side of 
face, arm and lr*K respectively. 

III. IV. 'fo produce the.se sections, the motor cortex 

on tin* left side was exjMised. Tlu^ arm area 
was deinareati^d by stimulation and tlien 



excised. Time was Riven for the pyrattiidal 
*• arm ” fibres to deRenerate. The animal 
was killed and sections of medulla and .spinal 
cord were cut and stained by Mandii’s 
method. 

III. Note that the d«'Renerate *' arm " llhre.s are 

seuttered throiiRhoiit the ]iyramid in the, 
medulla and are not toiJORraphically Ineal- 
i/.ed. .Note also Die heRiniiiriR of the 
pyramidal deeussatinn. 

IV. Note that most of ttie pyramidal fibres have 

crossed to the opposite side (C.P.T. —erossed 
pyramidal tract); some remain ventrally on 
their oriRinal side (1).I*.T. == direct pyramidal 
tra(rt); a few fibres pass back to the lateral 
column of tlie original side. 


D.P.T. 



635 


STIMULATION OF MOTOR AREAS (APE) 

which lollows immediately on the face ; this may perhaps be remembered 
by consideriiij^ the close relation of the hand u/the face in the taking of 
food. The hip follows immediately on the abdomen. Tlni to(JS and th(i 
perineum are associated together on tluj highest part of the ])r(*contral gvriis 
and extend on the medial surface of the hemisphere. 

The situation of these so-called “ centres " (or “ motor points ”) for s})ecific 
movements is not rigidly fixed anatomically. There is a variation in the 
distribution of the “ centres ” concerned with movement of sp(‘(dfic parts 
both in dilferent individuals of the same species and in the tw'o liemi.s])ljeres 
of the same imlividual. Furthermore, the response obtained from any (cortical 
motor point ” is modified by the previmfs excitation histonj of that, jfoint or 
of nenjhbouritaj or even of distant areas. rie])etit ion of a. stimulus may give a 
larger response than on the first occasion (facilitation ); or the res])onse may 
be found to be reversed, i.e. the point which previously gav(‘ rise to flexion 
may now give rise to extension; or there may be deviation of the resj)onse, i.e. 
a movement is obtained 
from a different part of 
the body than on the 
former occasion. On 
the other hand, following 
stimulation of a motor 
point its excitability 
may diminish, reaching 
itsminimmii after seconds 
or minutes. These results 
indicate clearly that the 
motor areas }) 08 se 8 s a 
functional flexibility and 
that they are readily 
influenced by what is 
going on around them, 
probably because of the 
enormous wealth of neural 
associations between 
different regions. Prolonged faradization of any spot may give rise to wide¬ 
spread epilcytiforyn convulsions ((’f. p. (>27). Cortical excitability is depressed 
by acidiemia and enhanced by a bout of overventilation (cf. p. 408). 

Some further details may now be given : (i) Tongue: The deviation of 
the tongue may be to the same or the opposite side, and all kinds of complex 
contortions may be produced, (ii) Jaws; When the symphysis is sjdit the 
response is mainly contralateral, (iii) Vocxil Cords : The response is bilateral 
to some extent, (iv) The only eye mmeimrd represented in the ascending- 
frontal convolution is eyelid closure, (v) Hand: The thumb is represented 
lowest in the hand area and the fingers highest. Isolated responses may be 
obtained from the thumb or the index finger; occasionally the thumb and index 
respond together as, for instance, by abduction of the thumb and extension 
of the index to produce a kind of “ let-go ” movement. In the case of other 
digits isolated movements are rare, (vi) Leg: The leg centres are more 
commingled than the arm centres, (vii) Anus: Anal protrusion is usually 
symmetrical, but sometimes even this movement may be mainly contralateral. 
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Stinnilatioii of a motor point is not identical with stimulating the cells of 
origin of the pyramidal tract; the whole depth of the grey matter in tlie 
vicinity of the motor point may he stimnlated, including th(‘ four layers 



external to layer Y, layers which (tan be regarded 
as massed iniernvticial neurones whicdi rec*(Mve 
inij>ulses from adjacent and more distant areas 
of the cere!)ral cortex and from lower h‘vels, 
e.(f. the cerebellum. The w(»alth of the con¬ 
nections witliin any cortical area and Ix^tween 
corti(tal areas is emphasized in Fig. 39(1 and on 
p. 61(5. The varying activity of this internnncial 
background will largely determine, in the case 
of any stimulation ex})erinient, whicli cells of 
layer V discharg(;, which pyramidal tract fibres 
convey impulses and consefjuently which lower 
motor neurones are activated. It is readily 



understandable that the results of cortical 
stimulation may vary with the “ previous 
history ** of the cerebral cortex; in fact, it is 
surprising that approximately similar movement- 
patterns result from cortical stimulation at 
regular intervals. It must also be remembered 
that the corticospinal tracts do not end directly 
round ventral horn cells, but connect mainly 
with those dorsal horn internuncials whicn 



Fig. 414—Diagrammatic Homun¬ 
culus to illustrate the Helative 
Position and Size of the Motor 


also receive many connections from incoming 
dorsal nerve roots. The effects produced by 
corticospinal impulses in this spinal cord region 
will depend largely on the “ background 
activity” induced in it by afferent impulses 
from muscles and skin. In view of the relative 
crudity of the experimental conditions it 
becomes a matter for wonder that the 
stimulation of motor points produces move¬ 
ments which are so well co-ordinated, display 
j)erfect reciprocal innervation and, as mentioned 
below, are so suggestive of “ fragments ” of 
voluntary movement. 

An enormous variety of responses can be 
obtained from stimulation of the exci to motor 
area in the ape. Sherrington, for example, has 


Areas for the different parts recorded more than four hundred types of 

movement-pattern produced in. this way. It 
space only one arm, half the 18 'm|»ortant to emphasize that though the move- 
trunk, and one leg are shown.) merits thus obtained are perfectly co-ordinated 

they are not in themselves complete acts which 
could effectively fulfil some set purpose: rather are they fragmentary or frac¬ 
tional in nature, or unitary components of a larger and more comjplex whole. Their 
functionally incomplete character is most readily detected in the unilateral 
nature of the response even in parts where the two sides invariably work 
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together, e.g. the jaws, the vocal cords or (most convincingly) the anus. Th(; 
lact that under natural conditions the movements of these parts are invariably 
syirunetrical and bilateral proves that the motor cortices on the two sides 
of the brain are very closely linked together. As tlie movement-fraction 
represent(‘d by each motor point is so sinall, the motor cortex is endowed 
w’itli great Ilexibility ])e(/aus(^ thes(‘ motor ])oints can be combined together 
in an immense vari(*ty of p(?rmutations and combinations to carrv out almost 
an infinite variety ol piir])osive acts. A ns(‘fiil analogy can ])e drawn between 
this feature (jf tlie motor jioints and tin* amino-ackrs wdiicdi are suj)plied to 
the tissues ; a rehitively small numl)er of chemical units can similarly be 
built u}) into an infinite variety of specific i>roteins. 

2. Results in Man.* -In patients under local ana\sth(*sia, stimulation of 
tin* motor area <‘li(dts responses closely n'sembling those described for 
the ape, u'. dtscrefe isolated niovoments (on the o])posite side) of a single 
S(?gment of an extremity or a single part of the trunk or head. The cortical 
re])resentatiori is arianged as in the ajie, except that separate foci exist for 
each of the. fingcus, and these, occupy a rtilatively large area. The focus for 
the thumb is most inferior, and that for the fifth finger most superior. Stimu¬ 
lation of the ]>oints coTitrolling the njiner part of the fji ^^e, tln^ ]d iarvnx , the 
vocal co rds, and the m uscles for closing the laws , usually giv es bila teral 
reactions. Stimulation of the neck area usually causes the head to'lurnTl) 
the 0 })}) 0 site side. Electrical stimulation of the most inferior part of the 
precentral gyrus produces rhythmic co-ordinated mocements of the lips, 
longue, mandible, larynx, and pharynx. Epileptic attacks beginning in this 
area commence with the same type of movement—chewing, licking, swallow¬ 
ing, and grunt ing. F’ig. II I shows in very striking fashion tlie relative position 
and size of tlu; motor areas for difTerent parts of the body in man. 

Jacksonian. Fit. —A fit which arises in a localized part of the cortex is 
known after Hughlings Jackson as a “Jacksonian fit." If the fit spreads it 
will involve successively regions of the body supplied by related parts of the 
affected cortical area. TJius a fit beginning in the thumb will spread via the 
wrist, elbow, and shoulder, to the trunk, and via the neck to the face 
(cf. Eig. 413). 

Effects of Stimulating Cortical Eyefields (Fig. 407).—These are found 
mainly in the middle frontal convolution in area 8 (frontal eyejicld)^ and 
in tlie occi]>ital lobe in areas 17 and 18 (occipital cyejield). The. response 
u sually involve^s bntJi eyes an d the movement most commonly ol)tained is 
a conjugate deviation of the eves to the ooposite sid e, c.g. stimulation of the 
left cortex causes botli eyehalls to move to the right (Fig. 415). This move¬ 
ment may accompanied by downwa rd and up ward deviatio n ; very 
rarely convergence of tlu* eyes may je observed. E yc-opening is also associ- 
a texrwitli this region. Auto^nic responses affe ctnig the eyes may also be 
elicited, cjj. dil atation of ffie pupi ls, secretion o f tear s. 

fStimulation of the sixth nudeus also causes conjugate deviation of both 
eyes this time to the side of the stimulated nucleus ; e.g. stimulation of the 
right sixth nucleus causes conjugate deviation of both eyes to the right owing 
to the simultaneous contraction of the right lateral rectus and the left medial 

^ Ponfield and Rasmussen, Cerebral Cortex of Man, N.V^., 1950. 

® In man, eyeball movements often result also from stimulating points in the pro- 
central gyrus itself. 
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r(M*,tiis. The exact iriuorvation of the medial rectus is uncertain. It is 
siijjjgested that inteniuncial fil>n*s establish connection between tlie (ri^ht) 
sixtli nuchms and the (n<rht) third nucleus (Fig. 415), whence fibres pass 
(perhajjs via the oppositi* third nuidcMis) to the o[)j)Osite (lelt) third nerv(* 
and thence to the o])|K)site (left) medial rectus. 

The conjugate deviation commonly rt^sulting Irom stimulating tlie frontal 
eyefield can now be explained. The (left) cortico-nuclear lil)res cross tlic 
midline in the midbrain to supjdy the opposite (right) sixth nucleus which is 

A A 

I I 

I I 

I I 



Fm. 410 .—Cortical Control of Lateral .Moveinenls of the Eyeballs. 

F.E.F. : fnintal ryoflclfl ; I,.!!., .M.ll. : ]:itrr:il, n-rt.iis inusdcs ; ;?,(•; :{r(l :in(l HIli nerves, -j-, ' : 

e.Kcitution or inhibition of nucleus. The (Ji<4;nun ha^ him .siinplilicil .-ind shuw.s Uu'; third nucleus 
directly su|>i»lyiiiy lie* coiilniluhTal medial rectu.'i. (InaKiam hy l'II)^e^s^»r David Slmiie.) 

stimulated with resulting contraction of the (right) lateral rectus ; via the 
internuricials between the (right) sixth and tliird niichms, the left third 
nucleus, and the kft third nerve, tin? left medial r<*ctus is stimulat(*d. 

Irritative lesions of the frontal eyefield or of the sixth nucleus in man 
produce results like those of experimental stimulation in apes. A destructive 
lesion of the (say, right) sixtli nucleus leaves the opposite (left) sixth nucleus 
unopposed and produces, as expected, conjugate deviation of both eyes away 
from the side of the lesion {i.e, to the left). 

Reciprocal Innervation. —Sherrington has demonstrated that the law 
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of n*(;i])ro(;aI innervation which applies to reflex action (j). 545), voluntary 
inoveinents (p. 019), and movements elicited from stimulating the motor 
an'sa (p. 034), also applies to the cortical control of lateral movements of 
th(^ eyeljalls ; i.c. tin* impulses from the frontal evefield that stimulate th e 
contralattnal sixth nucle u s_reci[)rocally inhibit the ipsiJateral sixth hucIq iiSj 
t his lattc'r iidiihition Ijeiuir'lin integral part of the total respons e (Fig. 415). 
The experiment is (;arrie<l out as follows : * 

In the monkey, if all th(‘ nerves supplying the muscles of the eye are 
cut, the tension of the connections of the eyeball ke(‘ps the globes jairallel. 
Cut the third and fourth nerves of the left eye. The only nerve left intact 
is the sixth, and naturally tin* eye rotates outwards from the unopposcnl 
action of the lateral rectus (Kig. 416, B). Exjmse the frontal lobes on the 
hd‘t sid(^ i.e. on the same side as tlie e.ye operated on. Stimulation of the left 
frontal eyefi(4d produe(?s contraction of tln^ right lat(*ra.l rectus and of the hdt 
medial rectus. In the left eye the nn^dial rectus cannot contract, because 
the nerve carrying its motor fibr(*,s (third) has been cut. It is obvious that the 
medial and hiteral recti an? antagonistic muscles, and that if one were 
stimulated the other should l)e iidiibited. In the case of the left eye, as the 
motor cells supj)Iying the medial rectus are stimulated from the cortex, the 
cells innervating the lateral re(!tiis should be inhibited. This is exactly what 
hji|)pens. The lateral rectus relaxes, and the left ey(*. moves to the middle 
line (Kig. 416, C). Note that in this (‘xperiment the antagonist centn*, has been 
inhibited (i.e. the cells supplying the lateral rectus) although no contra(;tion 
of the protagonist (nuKlial recjtus) has actually taken place (because the nerve 
to it was (;ut). The j)atterii of reciprocal innervation in this (;ase thus depends 
on ap[)ropriate imjiulses coming down to the cranial nuclei from tin? cerebral 
cortex. 

Results of Destruction of Motor Area or Pyramidal Tracts.— 

(I) ExTiKi'ATiON OF MoToii Akeas.—S herrington carried out careful extirpa¬ 
tion experiments in ajxjs. The left motor cortex was exposed and the arm 
area demarcated by electrical stimulation. The region yielding j)riinaTy 
movements of lingers, wrist, and elbow was excised. A few hours later the 
opposite (right) arm showed drooping of the wrist, weakness of the elbow, 
and to a less exttmt of the shoulder ; no movement was possible in the fingers. 
One month later good recover if of most arm movements had occurred, but 
tliere was lasting decrease m the skill with which the fingers could he used. The 
operation area was re-ex})Osed, but on electrical stimulation it yielded no 
response. A little more of the adjacent cortex was excised ; some transient 
weakness of the shoulder developed, but the distal part of the limb was 
iinallected. Some months later the opposite (right) arm area was excised ; 
this had no appreciable effect on the originally paralysed (right) arm. 

(2) Section of Pyramidal Tracts.— Removal of the arm area dt*stroys 
the c(ills of origin not only of the corticospinal fibres but of rnau}^ extra- 
pyramidal fibres also. To determine the role of the pyramidal tracts alone, 
the tracts must be cut at a level where they arc not commingled with other 
descending tracts which subserve other functions. The medullary pyramid 
may possibly consist almost exclusively of corticospinal fibres ; should this 
view prove correct then section of the meduUary 'pyramid produces the un¬ 
complicated results of loss of pyramidal tract function. 

(i) Effects on Movement .—In rhesus monkeys unilateral section of the 
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C* Stimulate Left Frontal Eyefield 


Fio. 41(i.—Sherrington’s Demonstration of Reciprocal Innervation of Eye Muscles. 

A. Stimulate left frontal eyefield ; coujuKate deviation of both eyes to the right. 

1j. Cut left third and foiirtli nerves; deviation of left eye to left. 

C. Kopeat stimulation of loft frontal eyefield; right eye deviates normally to the right and left eye returns 
to mid line. (Diagram by Professor David Slome.) 



HOLE OF PYRAMIDAL TRACTS (Ul 

medullary pyramid produces disturbances of movement closely resembling 
those resulting from extirpation of thc^ motor area. Tiius there is n}arke(i 
\ ^akne ss (not com])h;te paralysis) of the o puosite arm and, leg ; the liaiid is 
i poat gravely affec t(;d. discrete movements of tlu; fingers beimi lost, f^linpler 
movements persist, e.g, striking, kicking, scratching, reaching, grasping, 
walking, turning tlui body towards external objects ; but these movements, 
also, are l(\ss easily and accurately performed ; they seem to i nvolv<; grea t 
effort, are weak and tremulous, f atigue readilw and are accompanied by signs 
of grt^‘it “Trnl ation ’On the ])art7 of the animal. The symptoms persist 
unclianged for years. 

(ii) EJj'ects on Tone and Hejlexes. —There is a decmisc in muscle tone in 
the limbs (tone in the back, neck, and thorax is decreased very little). The 
deep reHex(\s are slow but not decreased in sizt;. The superficial reih;xes 
(e.g. abdominal, cremasteric) lire abolislnai at first; later th(‘y return but 
are difficult to elicit, sluggish and wa'.ak. 

Similar changes in tone, reflexes, and movenumt result from section of 
the crossed ]>yrami(lal tract in the lateral column of the spinal cord. 

A sharp contrast thus exists between tlui decreased mnscle tone, and rejlcjes 
following allegedlg pure section of the jnjramidal tract and the spasticity and 
exaggerated rejlexes following extirpation of the suppressor band (p. (i2 l), or 
clinical lesions of the pyramidal tract (p. 642). 

In the chimpanzee, two “ release ” phenomexia devcloj) aft(*r section of 
the. medullary pyramid : (a) the Bahinski plantar rcspo)ise inak(‘s its apjx'jirancc 
(cf. p. 615) ; (b) the proprio(rt?[»tive grasp rejlex can now Ixi obtained : if an 
object is firmly pressed into the j)alm, it is reilexly grasp(5d. 

Role of Pyramidal Tracts in Voluntary Movement. —The two out¬ 
standing facts described : (i) that artificial stimulation of motor points 
produces movements which resembh; fragments of a voluntary movement, 
and (ii) that impairment or loss of voluntary movemeuis results from extirpa¬ 
tion of the motor cortex or section of the pyramidal tracts, indicate that the 
j)yramidal tract is a path w'hich is employed in voluntary movement and in 
fact is indispensable for the performance of certain types of movement. 
This statement does not mean that the motor cortex initiates voluntary 
movements. The pyramidal tracts may be regard(*d as a long internnncial 
pathway, linking the great afferent ]>athwavs which (uid in the cerebral 
cortex (especially those from the “ distance receptors’* (t‘yes, (?ars), and from 
tin; muscles (directly and via the cerelxdluin) with the lower motor neurones 
(cranial and spinal). The regulation of the dischargi‘. of the motor cortex to 
produce effective j)urposive movements, correctly ordered in s])ace and 
time,” is a matter which is ill understood ; it is considered, however, on 
pj). 616 el seq. 

Clinical Lesions of the Pyramidal Tracts. —In the past the signi¬ 
ficance of the multiplicity of the descending })atliways from the cerebral 
cortex was not fully recognized nor was the fact that throughout most of 
its course the pyramidal tract is commingled with other descuniding tracts. 
Ill man, injury to the pyramidal tract in the brain gives rise to w^eakness 
or paralysis on the opposite side of the body; the condition is called hemiplegia. 
The symptoms and signs in any individual case depend on the severity of 
the lesion, whether it is acute or chronic, and on the extent to which the 
oilier descending (extrapyramidal) pathways are involved. In view- of the 
21 



HEMIPLEGIA 


()42 

exfierimciital evidence prcvsented above, the disturbances of voluntary move¬ 
ment which occur in hemiplegia are attributed to loss of tin* [)yra.inida] 
influence, (^ominonlv the clianges in tone anti reflexes in these patients 
resemble those resulting from extirpation of area Is in animals : rhesi* changes 
in man are exfilained on similar lines, /.c. they are attributed to injury to tin* 
descending inhibitory (extrajiyramidal) pathway. As might b(‘ exp(*cted, 
there is no constant relationship between the severity of loss of willed move¬ 
ments and tin? degree of hypertonua presimt. 

Hemiplegia.- 1 . Acute Lesions in Man. —An arulr lesioi» in the internal 
capsule, where th(‘ pyramidal trac.ts are condensed in a small area, produces 
initially a atfuje of shock in which all the muscles of the o])p()site side are 
toneless and in which no reflex movements can be elicitcMl ; in these respects, 
the condition resembles spinal shock (p. (ibO). These findings again emphasize 
the degree to whicli the higher levels of the nervous systinn participate in 
so-called spinal and brain stmn reflexes. Soim* weeks later reflex activity's 
return to the affected sid<' of the body, showing that sucli rt'fh.'xes can be 
mediated by the isolated lower levels. A period of “ a<ljiistmeiit however, 
has been necessary, indicating that the lower and higher nervous levels are 
normally closely integrated to function as a co-ordinated wliultL 

Tlie yjaralysis on the affected wside aflects voliintary movements of tin' 
face, leg, and arm. Movements which usually involvi' both siih's of the body. 
CAf. tho.se of re.spiration, movements of the baek, and alxloininal wall, are 
generally retaim'd : it would seem that om* pyramidal tract can contr<>l 
the lower motor nuclei snj)plying the muscles conceiiied, on both sides. If 
the corlico-nueh'ar fibres escafie injury, eyeliall moveim'nts persist. 
i nj^^emcn.ts rcoiahf irtfact ; fre<ju(»iitly tlu'v are e ^iiriti'd vt'r v nre 

e JCLUKjcrated in (duirac ter. This last finding demonstrates two points : ?i) errip - 
t ioiial movements nicdi^ii*^/! Ky tinn-jiypiT Hidal pathway s and are i nhibited 
by the pyrawKtal trac t ; (ii) the paralysis in jjyramidal h'.siojis is one of more- 
mems and i\oi or muscles, Tlius the jiatieiit cannot voluntarily WTinkle up 
his forehead, frown or wdiislle, but the muscles concerm»d in these*, acts are 
employed perfectly e'fficiently when the ])atioiit’s faee^ exteuiorize's |)leasun‘, 
surprise, or annoyance (cf. j). 6b‘{). 

2. Stage of Recovery. Chronic Lesions.- As the stage of shock 
passes away, or in clironic lesions, the clinical picture as e*xplaim»d is that of 
paralysis and disturbances of tone and reflexes. 'J'he common clinical 
syndrome wdiicli is described bedow’^ is attribut able to a combined lesion of the 
pyramidal tract and the dcscendiny inhibitory path from the suppressor band 4.^. 

(1) Mi7S(jlk Tone and Posture.-- Muscle tone is abuormal in distribution 
and excessive in degree in certain muscles, i.e. the limbs are ])lac('d in an 
abnormal position and tend to be fixed there ; to tins latt(;r feature the term 
spasticity is apfilied. '^fhe npper li mb, instead of lying at the side in the 
customary way, is a dducted .at the shoul der, tluj elbovr is semi-flexed, the 
farearm is nronat^i 'M. ancl the wrist and finyus are f h?xed . The limh is in¬ 
voluntarily maintained in this unnatur-al position mdefinitely without 
fatigue ; it can only be moved yiassively with difficulty. Tlie ley is adduct-ed, 
e xtended at tlie knee and phy siologically extende d at fh^nTTle (anatomical 
pfantar flexion).^ The muscles do not waste greatly, becaus?lhough not used 
in voluntary movement they are continuously in action to maintain the posture 

' Cf. Fig. 372, j). 591. 
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described ; the electrical rc.s[)orises are normal. Lc^ sions of the dorsal ner ve 
roots a])olish the sy)asticitv and the muscles 

'I'he limbs sliow the shorfeniitff and huHjthenirtg reaction. The latter is 
demonstrated as follows : If one attempts to flex the knee (with the patient 
supine) the initial of flexion can be carried ont without much difficulty ; 

beyond this point marked resistan(;e is encoiintered, because the stretcfiing 
force applied to the (juadriceps elicits a reflex c(jntractiyi (cf. p. 558) ; if 
great force is a|)plie(l, the (piadriceps smhhmly r(?lax(‘.s, and tlie knee rapidly 
passes into the tloxed position—this is the lengtheniug reaction set up by 
excessive stretch which stimulates the s(‘lf-in hi biting afferents in the muscle 
(cf. p. 58G). The lengthening reaction is d(!scrib(‘d by the clinician as clasp- 
knife riffidity. 

(2) Associatkd Reactjons.* This term is used to de^scnibe c.ertain move- 
numts which can be reliexly aroused on the affected side by such ‘‘ serni- 
involuntary ” movennmts as yawning and strebdiing and by any forceful 
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Kra. 417.—Knee-jerk in Normal Man ami after lA^sion of Pyramidal Tract. 

The Bipsnal (vertical line above) iiulicat-eH the application of the stretch stimulus which produces a sudden 
depression of the leg as indicated by the initial descent of the record. Time in U.Ol sec. 

A. Normal response. Note sharp ascent, plateau, and more gradual but smoutli doscM'iit. 

H. Knee-jerk following pyramidal lesion. The characteristic feature is tlie much slower relaxation which 
shows a “ hump ” on its course. (131akc-Pritchard and Walshe, LanrH^ 

sustained voluntary muscular contraction oii the nonnaJ side ; tlie responses 
are modified by the position of the head relative to the trunk, Le. by neck 
reflexes. Thus in th(^ standing hemiplegic sul)j<^et, looking siraujht ahead, 
when the normal fist is clenched, the spastic arm inov(\s slowly into increased 
flexion at elbow, wrist, and digits. If the procedure, is repeated with the 
head rotated toivards the hemipleyic side, the spastic aim moves into extension 
and abduction, the fist remaining closed. Repeat the procedure again with 
the head rotated towards the sound side : the spastic arm moves into increased 
adduction and flexion. In other words, tin; ii jNv limbs exten d and the vertex 
liinb?^ flay In some cases, active rotation of the liead against resistance is 
sufficient to induce similar postural changes in the sj)a.stic limb. 

(3) Dekp Reflexes. —The deep {i.e. t/*.iidou) reflext^s are modified in a 
characteristic way. The ones commonly elicited are the knee-jerk and ankle- 
jerk in the lower limb, and the triceps and supinator jerk in tlie u{)per limb. 
The deep reflexes are simply fractionated stretch reflexes, and their general 
characteristics can be studied in the case of the human knee-jerk. 

^ Usually referred to clinically as associated uujvemeiits. 
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Knee-jerk. -With the knee supported in the Hexed position, the patellar 
tendon is sharply tap])ed ; the muscle is stretched, aj>j)ropriate sensory nerve 
endings are stiinulat(?d (muscle s])indh\s, tendon organs) and iin])ulses pass 
up into the third and Ibnrth lumbar dorsal nerve roots to enter the spinal 
cord and end directly round ventral horn cells. EiTenmt imjuilses pass out 
in tlie lum))ar ventral nerve roots to ])roduce coiitraetion t)f the (]uadrice}>s 
extensor and at the same time reei])rocal inhibition of the ajitagonistic ham¬ 
strings takes place. Th(» knee-jerk is abolished when any part of this reth^x 
are is destroyed. It should b(‘ borne in iniml then when we studied the 
stretch rellexes ex})erimentaily we were dealing with sns((ii}(('(f str(*teh of 
muscles which wen* coJitracting isoinetricaHtj : in tlie east* of the human 
deep reHexes we are observing the resj>onse to a transient stndch of a muscle 
contracting isotaniraUif. A graphic re(?or<l of tin* normal knee-jerk shows 
tliat tln'ie is a [>risk contraction followed by a ])lat(‘au and a. gradual relaxation 
(Fig. 117, A); the leg falls slowly and deliberately back to its original position. 
The ratio of the rise to tin* fall may lx* 1 to 2. The delay<‘d relaxation (or 
persistent contraction) is dm* ]»artly to after-<lis(‘harge (cf. p. 7)39) ol* the 
ventral horn cells and partly to an appended shortening reaction (cf. p. oHO 
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I' lu. ils. Clonic liesjmnsc ol Quadriceps to tSlretoh. 

Klectrical (o and Mn-liaiia al imt in*(M»rds. Clonic rcapoii.*ic <»1' <jUadrhrc|»^ muscle (al Ui.second) elicited 
hy uttachiiii' the muNrlc to an isotonic lcv<*r \>ci|j:hing one kii., and so sjihjcctinj' it to slrcU li. 
Xoto the rJiythinic diaracl<‘r of the electrical record. (Sherrington and otlnTS. Itejh’X Aciinln of 
the Spina! (.‘on!, JirVJ.) 


and Fig. 3b9), i.e. as the knee begins to Jiex again the tjuadriceps is subjected 
to renewed stretch and resjjonds by partial eontraetion. 

Tile deep rellexes like the .stretch reHex(*s vary with the, degree of muscle 
tone initially jircsent and with the amount of nervous system wdiitdi is intact. 
In hemipl(*gia there is coinmoidy increased exten.sor tone. The knee-jerk 
(like the oilier deej) relh*xes) is ejiujiferated, and wlnai is even more charac¬ 
teristic, it is more sustained, i.e. relaxation is still further prolongcMl (Fig. 117, 
B). Not infreciuentlv there is a secondary contraction or ‘‘ hiimi) *’ (luring 
relaxation. 

Ankle, elonvs is often j)resent, and is also due to tin*, state of heightened 
muscrh*. tone. When the ankle is forcibly dorsifh‘xe,d, rhythmic moveunents of 
(lorsiHexion and plantar flexion lake ])Iace at the ankle-joint. Owing to tlie 
increased tone of the jxisterior calf muscles, stretching of the fibres sets up 
not a sirrijilo reflex contraction or ankle-jerk, but a rhythmic series <jf con¬ 
tractions or clonus. In animal experiments also it is sometimes found 
that stretch of a musch; contracting isotonicaUj/ wdll elicit a rhythmic res])onse 
instead of tlx* usual sustained contraction (Fig. 418). This is doubtless due 
to a sunohronoHs (instead of the monj usual asynchronous) discharge of 
the ventral lioni cells, heading to a tr(miulous ]>artiai tetanus (cf. p. 501). 
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Sometimes a. clonic r(*s|)Otise is obtained on tap])ing tb(i patellar tendon 
(pafellar clonus). 

The changes in muscle tone, ])osture, and deep reflexes d<\scribe,d above 
must, in view of the exp(n‘imental evidencje, be attrilmted not to a lesion of 
the pyramidal (v.c. corticospinal) tract, but to interruption of tin^ inhibitory 
fibres from the suppressor areas (mainly 4s) to tin? nuclei of the; niticular 
formation in the brain stem and thence to the sj)inal cord. The changes 
described represent- a series of positive release phenornena ; y.c. rernoval 
of the cortical inhibitory influenc.e r(?h?ases lower levels to display their 
inherent pattern of activity. The rescunblanees betwcajn the c-hanges in tone 
a.nd reflexes in human hemiplegia and in decenduatt* rigidity in the cat are 
obvious ; tin*, only notable difference is in the ])ostur<* of the fore limbs (arm 
in the case of the human hemiph?gic). The amount of cerebral damage 
needed to prodma* the so-called ‘‘ spasti(;ity in man and tin? e<piivalent, 
so-called “ rigidity ” in the cat differs in the two sj»e(des ; iji tl)e, (.*at all tin? 
brain must lx* cut off above tin* uud-(*oJlicula.r level (in the ?Tiidbrain); in 
man a lesion of the cortical inhibitory pathway si)ariiig tfie rest of tin* nervous 
system is probably a(le([uat(*. 

(4) SiJi*KKFU'iA7i Reflkxks. The superficial r(*nexes comunmly tested 
for are : 

(i) Abdominal : stroking tin? skin of the abdomen jmxluces contraction 
of the underlying muscle. 

(ii) Cremasteric : stroking the inner side of the thigh results in the testis 
])eing retract(*(l towards the inguinal canal. 

(iii) Plantar : stroking the sole of the foot produces a downward move- 
nicnf (plaritar-tlexioii) of the great toe and the small toes. 

All the superficial retlex(?s are lost on the affeeted sidt? in cases of hemiplegia. 
As these reflexes are also lost when the nn?dullarv pyramid is cut, the-y are 
mediated ])y tlio pyramidal tract : thus tln?ir loss in lu'miplogia is due to the 
injury to the pyramidal tract. 

(iv) Bahinsi'i response : in hemiplegia an abnormal r(‘flex can be elicited 
from the sole of the foot, dilferent in every resf>ect from the usual plantar 
res])onse. The stimulus em])lojed must be nocuous or painful, c.//. firm scratch¬ 
ing with the finger-nail. The reflex can be elicited from a fairly wide area, 
from the (jalf, tlie thigh, and even as high as the groin ; it (lonsists first of an 
upward moveiiumt (dorsiflexion) of the great toe and fanning out of the small 
toes. The anatomists misleadingly call dorsiflexion of the great toe “ exten¬ 
sion.” The abnormal toe response is therefore sometimes called the “ extensor 
response ” ; this term should not be used and the resj)onse should be described 
(after its discoverer) as the Babinski sign or the Bahinski response. The 

I Babinski response is a * fraction " of a released spinal flexor or withdrawal 
f? reflex. Thus, in some cases of hemiplegia, nocuous stimulation of the sole 
of the foot produces a reaction extending far beyond the toes : there may 
be dorsiflexion (upward movement) of the ankh*, flexion of the knee and 
even flexion of the hip. The more extensive reaction is identical in every 
way with the spinal flexor reflex (p. 692). The Babinski response is obviously 
a release phenomen on ; as it appears experimentally after section of the 
medullary^pyramid its occurrence in man must be attributed to a lesion of 
the pyramidal tract. 

(5) Disturbances in Voluntary uMovement.- In a recovering case of 
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SURVEY OF VOLT^NTAIIY MOVEMENT 


hemiplegia, considerable improvement occurs in the leg and the patient may 
walk about with little more disturbance than a slight limp ; a good deal 
of power returns to the arm and fa(!e. The incidence of permanent loss of 
movement, in order of severity, is as follows : m ovements of the hands an d 
e §i)ecially the dimts, : extens ion of w rist; si ipinatio ii of tlie forearm: 
ab3uction an<I 'elevatJon of the upper arm ; dorsiflexlon of the foot and 
toes ; flexion of the proximal leg joints. The recovery may he attributed 
to restoration of function to temporarily damaged f)yramidal fibres or to 
the more effective us«* of extrapyraiiiidal pathways arising in the cortex.^ 

VValshe has analysed carefully the loss of movement in the arm and hand 
in progressive!if developing hemiplegiti. J*ar(^sis first apf)ears in the mov(;ments 
of the hand and digits and spreads so as to involve the proximal part of the 
limb. The £rst movements to disa.])pear bi which the i nterosse i, 

l umbricale s, and the fl exors and op})osers of the thumb are invol ved. Abduc- 
tion and extension of the fingers are affected before adduction. Certain 
combinations of movements disappear, as is well shown l>y asking tlie patient 
to touch each finger-tif) in succession with tlu‘ tip of the thumb ; there is a 
stage in the development of the hemiplegia in which, while efich digit can 
be flexed, the necessary movements of adduction and aj)position are lost 
and the thumb and finger-tips are. not effectively ap|)roximat(*d ‘‘ but flex 
futilely into the palm.” The limb is progressively ” denuded of movements ” 
and therefore of movement cotnbinations ; as tln^ number of retained move¬ 
ments dwindles, the surviving patterns of motion are simple and few, and 
qualify for the term “ stereotyped movements." 

Bilateral Pyramidal Lesions. —Bilateral s(^ction of the, nu^dullary 
pyramids in monkc^ys produces complete motor helplessness. Extensive 
bilateral lesions in man may likewis<* produce loss of all movements in the 
affected parts. Thus, in a patient in wdiom the pyramidal fibres controlling 
movements of head, neck, and thorax were Ihlaterally destroyed, all voluntary 
movements of the facial muscles were lost : biting, swallowing, elevation of 
the palate and laryngeal moveunents could not be carried out. Although 
automatic rhythmic breathing continued, forced insj>iration or expiration 
or voluntary coughing could no longer be carried out. Emotional exterioriza¬ 
tion was vigorous and was produced at the slightest provocation (cf. p. 0().‘l). 

The role of the. pyramiflal .sy.stem in willed movements is considered 
further below. 

GENERAL SURVEY OF VOLUNTARY MOVEMENT. SPEECH 

Voluntary Movements.'^ Physiological knowledge is still insufficient to 
enable us to describe in detail what hap])ens in the central nervous system 
during the execution of a voluntarj^ movement. To give only one example, 
the efferent pathways arising from the y>recentral cortex are so comph*x 
(Fig. 408) that it is hard to conceive liow their activities nr(‘ harmoniously 
co-ordinated to produce efficient rau.scuJar action. There is no doubt that 
voluntary movements are impaired whenever there is an interruy)tion of the 
afferent channels to the brain, especially those from the sense organs (pro- 

^ Cf., however, Tjassck, Brain, 1950, 73, 95. 

“ Bfovor, Croonian Lneture,^ [for 1003) ov Mvfu'uUir Movements, London. 1004 ; new 
edn., 1951. Wilson, Lancet, 192.5, ii, 1 et seg. 









648 


PRIME MOVERS OR PROTAGONIS1\S 


placed in the category. But no really hard-and-fast distinctions can 

be made. Walking is learnt by tlic cliild with difficulty, and at first requires 
constant attention. With the })assa.ce of years and increased practice it 
becomes less “ voluntary '' and more “ autoinatic ” in character, so that we 
can walk about while thinkin" of something quite different. Tt is preferable 
to grade nioveineiits into “ l(\ss or more automatic ” or “ Jess or more 
voluntary,” inst(*ad of attempting to divide them shar]>ly into voluntary 
and automatic movements. 

Manv grou{)s of niusch'.s ]day a. part in carrying out <»ven (|iiite a simple 
voluntary movement. We may recognise : 

(1 ) Prime Movers or Protaconjsts. Por (example, the clmd* protagonists 
in flexion of the elbow are the bicej^s, l)rachialis and brachioradialis. I he 
ventral horn cells su]q)lying each of these flexors are call(*d its moior hrurone 
pool. The extcnit and \str(*iigth of a voluntary mov(*ment (as of a reflex 
movement) are graded in two ways : 



Ft( 3 . 420.— Inliihition of Doltriid in Man. (From an 

t‘xj)erim('nt l»y \V. F. Floyd and P. M. S. Silver.) 

Miisrlo arti(»ii potfiifinis rcronhMl willi siirfnrr t-lccrrades. 

At the iM yiaani:: of fh<* tin* arm wjis ahduftfd af^niast Krnvity ; 

tlM-re is irinrk<‘<l «-l<*(*tri<-al a<*tivity in tin- <l« Ilniil. 

At first siy:nnl, A. !«» atKiin.-t arm asjaiiisf, a resistance which 

jircvcnls niMvcmcnt from taking place (isometric adduction). 'J'lic 
deltoid is reciprocally inhihitcd ; the action |)otcntials disapjicar. 

At s('cond simial, H, attempt to ahduct arm against resistance ; ek'etrieal 
arti\ity in the deltoid reappears. 

(i) Bv varying the number of mot(»r neurones and therefore, the number of 
motor units in action. 

(ii) By varying the discharf/e rate of the individual motor neurone ; as 
the frequency of th(* distdiarge increases, the weak tremulous sub-t(‘tanus is 
converted into tin? strong sustained full tetanus. 

These facts can he well demonstrated by using the concentric needle 
electrode technitiue. When a muscle is comidete.ly relaxed in man, action 
potentials are absent. As the movement begins (Fig. 411)), action potentials 
apjiear ; the frecpjency is low at first and gradually increases. As the con¬ 
traction becomes stronger, additional motor units come into action (Fig. 
419, C). When the contraction becomes maxiTiml, the electrical record shows 
that many units are in action and are discharging at high frequency (60 -100 
per sec.) ; the jiotentials arc irregularly spaced and vary in shape and size 
(Fig. 419, D, E). 

Elbow-flexion, under different circumstances may involve more activity 
in one of the flexors and l(;ss in another, i.e. different parts of the flexor motor 
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neuroiio pool may b(‘ used ; iiiiotlior way of oxprossiiijj tliis idea, is to say 
tliat tli(^ fl(*xor motor iienrono ])ool can hv fraciiovatcd in (iliferent ways. 

(2) ANTA(U)MS'rs. These are the muscles wlins(‘ contraction or elastic 
resistance would interfere with the d(‘sired joint disj)laceinent. The antag¬ 
onists always act in a manmn* whit-li facilitates the execution of tlie desired 
movement (or the maintenance of tin; desired posture). In ditferent sets of 
circumstances IIm* antagonists may react in one. of th(‘ following ways : 

(a) Pmh'rgo reciprocal inhibition. 

(/>) (\>ntract together witii the protagojiists (co-cojit.raction). 

(r*) Wlien tlie Tuovenient takes place in lh(‘ directi<)n of graA’ity they (the 
antagonists) contract, but the ]>rotagonists vviiich wouhi act in tlie sani(‘ 
direction as gravity, do not. 


(i) Hecipraral Inhibit Inn nf Ant (ujnni fit a. The antagonists resj)un<J in this 
way during htnrrtnrnts afffrinst rrsistunrr. K(‘ciproca.l inhibition occurs 


during v<)luntarv movements of the 
eyeballs in the monkey (}>. b38) and in 
m o ve 1 n c ‘ j i t.s (‘x ptu'i i n c n tal 1 y elicited 
from t]H‘ motor cort(‘x (p, 6».M). It 
can be nndily dcnionstratcd during 
voluntary movements in man. 

(u) The arm (extended at the elbow) 
is abducted in the coronal plane to a 
right angle, i.e. it is raised to the level 
of the shoulder. The deltoid (tin* 
ynotagonist) can be felt to be strongly 
contracted ; using surfaia* electrodes 



Kig. 121. - b(‘('i()rocaJ liiljiliiliou of 
I5ice])s during ion in Man. 

I l‘''roni an (‘xperiment l)y \V. K. 
Floyd a!id I*. Jl. S. Silvc'r.) 


nuiiKTOUs muscle action ])oteiitia1s 

are roconhal (hig. 420). Pht' subje(*t is At. tfn‘ tJOjiinninir of tlu' nMDnl rln' (“IhoNv is 
tJicii tul.l Lo try t,o afldiict t he arm (/.<•. 

lower it) against tlie resistance of the activity itt th.* i.icrps. 

1 'Ill’ll A At tlK' ."iirnal. Om' forfarrii h junuult^il ronihlv, 

obs(‘.rvor s hand which he cannot over- Nvithom movingtiu- ti..‘ i.i.-. ps is 

come. No imn'emeilt of tlie subject's rrHproially iiUiiliittMl. it is Itlt t(» n-Iax 

, , , . . . , anil it.s fli-i-tncal aflivn\fi'ascs, 

arm t^akes place and it nmiains m the 

a.bdueted ])ositioii. Ibit during the attempt the deltoid lias become tin* 
antagonist and is, t.herefore, recijiroeally iuliibili'd; it b(‘eomes tjuite soft 
and the action jiotentials temporarily disa])pear. 

(/>) Tlie elbow is fl(*xcd against gravity with the forearm in tlie supinated 
position ; all the elbow Ilexors contract. The biceps, liowi'.ver, contracts for 
two reasons : it not only flexes the elbow, but also supinates the forearm. 
The subject is now told to provatc the fonuirm foreihly without moving the 
elbow. At this stage of the exjieriment, the biceps motor neurone pool is 
receiving antagonistic iniymlscs : excitatory, to niainlain elhow-flcxion, and 
inhibitory, to facilitate pronation of the fonuirm. On lialanee th<‘ biet'ps is 
reciprocally inhibited because its action opjioscs fironation (Fig. 421). The 
bra.c4iialis, which is pundy an elbow-thixor, remains contraetcMl. 

(ii) Co-contractwn of the Antagonists- Sometinu's tin* antagonists niav 
cooperate witli tlie yuotagonists by contracting too, as in the straight letY. 
of the boxer, in which protagonists and antagonists are both simultaneously 
contracted to k(a*.p the joint unmoved.* 


21* 


* Cf. also Positive Supporting Reaction, p. r>Sll. 
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C’()NTllA("n()N OF ANTAGONISTS 


(iii) Contraction of Antagonists .—When the force of j^ravity is the pro¬ 
tagonist th(‘ antagonists may reciprocally contract to oppose gravity. 

(a) As already explained, during comfortable standing in man the erector 
sf)inae and the anterior abdominal muscles show little activity (Fig. 422). On 
leaning slightly backwa?*ds the erector sfunae contracts momentarily ; gravity 
then comes into act/ion and would cause the subject to fall backwards. It is 
resisted by the action of the rectus al)dominis which contracts forcibly and 
thus eith(‘r arrests the backward movement, or enables it to ])roceed smoothly 
and in a properly graduated manner. Conversely on leaning forwards, the 



ERECTOR SPIN^E. XXX 
I 1 I PAM 


LEAN 
BACKWARDS 


TIME 1 SEC 

■ I.,,.,j 


^ 

XXX 
LEAN FORWARDS 



100>£6V. 


Fio. 422.— Pattern ot Activity of Kre<>tor Spinae and Rectus AI)doiuinis on Jjcaning 
liackvvards and r<»rwanis djiring Standing in Man. {From an Experiment l)y 
W. E. Floyd and P. H. S. Silver.) 

Muscle uctioij poti'Mtiuh rcconicd with siirfan* chHJtnuics. 

At the of the nx'ord the iiiaa is standiiis cdiurortahly. Note thi* absence of muscle 

Hctitm i»ottMitials in »T<'ct«r spinsn and abdtitninis. 

The deflections marked X are the KS waves tif the electroeardioKram and should ho iKiiorod. 

At tirst sifinal, Av/;/ harhn'anlH. Note : 

(i) Initial hrief activity of oreetor spin.'o which jmlls the trunk t»aekw'ard.s ; the iiiusolc then 
relaxes a^;ain. 

(ii) 'riiis is follow’(‘d l>y sustaimsl aetivity of tin; rectus abdominis which maintains the 
posture auiiinst I'ravily, 

At second signal, lean, fnr mini sf. Note : 

(i) Momentary im-rease in aetivity (jf re<’tus abdominis wijielj i)ull.s the trunk forwards; 
the muscle then rela.\«‘.s. 

(ii) 'I’his is followeil by sustained aetivity of the erector sjnm» which maintains the posture 
against gravity. 

[When the subject InMiils lurwards sutlieiently bo touch his toes the aetivity of the enactor splnm 
siKldeiily ceases ; th<’ |)0'.tur<‘ then has to be niuiiit>iined purely hy the tension of the ligaments 
of the sjtine. | 


rectus abdoulinis (irst coiitnicts; gravity thou takes over and wtmld make tlie 
subject fall forwards. Tin; ena-tor spinae contracts either to hold the forw^ard- 
bent position or to enable tlie fttrward movement to proceed smoothly.^ 

(/>) Abduct the loft arm ; this cau.ses the trunk to tend to fall to the left. 
The antagonist to this movement is the op])osit(‘, (right) external oblique 
which contracts to restore and maintain the, erect })Ositiou (Fig. 423). When 

1 “ When a [>orson hend.M forward from the erect position without having to overcome 
an obstacle it is not the Hexors of the spine which act but the extensors; and conversely 
in extending the spine in loaning backward.s from the erect position it is not the extensors 
of the spine wdiicdi a(;t but the fiexf)rs. 

“ For every Hh)\v, unresisted movement which i.s made in the direction of gravity the 
museles whi(di net in the diretdion of gravity are relaxed while their antagonists contract 
and support the part.’' (Beevor.) 
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l>oth anus aiv abducted .simultaneously, the trunk remains well-balan<*<Mj 
and no contraction of tlie external obliques occurs. 

(3) Synergic oii Fixin(3 Muscles (Synergists). —In clenching the fist, 
the synergic muscles are the extensors of the wrist which greatly facilitate the 
movement. Anyone can readily demonstrate for himself that when the 
fist is normally clenched the wrist becomes dorsiflexed and that fist clenching 
becomes uncomfortable if the wrist is held quite horizontal. In very firm 
closure of the fist, the triceps contracts too, acts as a synergist, and so 



Tig. 123.-- Piittcni otMiiscli* Activity of Trunk Muscles on Abcluctiiijr Arm. (From 
an Exi»eriiuciit by W. F. Floyd and F. H. 8. Silver.) 

Muscle acUon yiotentials ivcordful with surface clcetnxJi'S. 

The Jimn is staiulhiy eouifortablv. Note iihsciiee of activity in trunk nnisi'les. 

'I’he (letleetiotis marked X are tl»e KS waves of the el<*elroeardioKrain and sliould bi": ignored. 

At first arrow, A, tl>e left arm is alidiiett'd into thi^ liorizoiital i>osition ; the eentre of gravity is thu.s 
sliifted to tile left. 'I'he imisele which iippuses the action of gravity is the oi)i>osite external 
(rigid,) obli«|Ue. I’Jiis aidigravity imiMde rontra<*ts to maintain the erect fH.)stiire. 

At second arrow-, It. adduct HI arm. Rigid externai oblhiue reiaxes. 

At tldrd arrow, C, atKluet rigid arm. Opposite (left; external oldique eoidratds. 


prevents joints other than those actually engaged in the desired movement 
from being moved (in this case the elbow*joint).^ 

^ It is desirable to note here that eertaiu groups of muscles are normally associated 
together in eanying out voluntary movements (Wilson): 

(i) Head, Fare, and Nec.k:.~ \a) Shut tJie eyes : the eyeballs roll up. (6) Turn the eyes 
to the side : the head turns also, (c) 0})en the mouth against resistance : the head extends. 
{d) Turn the eyes up : the i'orcdiead wrinkles, tJie head extends, (e) In the supine position : 
Rex the head on the chest, the recti abdominis contract. 

(ii) Arm. —(a) Abduct the extended arm at the shoulder : the opposite exf/eriial 
oblique contracts (Fig. 423). (6) Open the closed hand : the Hexors of the wrist contract, 
the extensors of the wrist relax, {c) Abduct the little finger ; the abductor ossis metacar])i 
pollicis contracts. 

(iii) Trunk and Legs, — (a) Supine position : lift up one extended leg (/.c. flex f he limb 
at the hip): the contralateral hamstrings contract, {b) Erect position : ahdu(?t one 
extended leg at the hip : the opposite tensor faseiie femoris contracts. 
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(4) Movements of Cooperation. —Tliese may be defined as inovemciits 
which precede or accompany the prime movement and make it easier to 
carry out.^ 

It is clear from this discussion that a “ volitional ” movement involves 
the ]:)rota"onists, tlie coordinated action of th(^ antagonists, the assistamje 
of the synergists to fix certain joints, and the help of various extraneous groups 
of muscles to carry out movements preceding or accompanying the prime 
movement in order to make the latter as easy and effective as possible. 
The component parts of the movement must also follow one another in 
appropriate sequence, and the whole movement must be correctly related 
tt) tht' stimuli which arouse it. Further, the movement is superimposed on 
“a basis of efficiently carried out 'postural activity. 

Disturbances of Voluntary Movement.— Voluntary movements may 
1)0 disturbed by abnormal f unction of those parts of the cerebral cortex which 
lie between the sen^sory receptor areas and the executive precentral cortex. 

(1) If tlie nature o f the object is not recogni/ cMl -the condition called 
amtosi a is present. Thus a man shown a pencil doc^s not recognize it as such, 
but tliinks it is a cigar and us(*s it accordingly. TIk^ movement is f)lanned 
and executed correctly, but the effect is ludicrous, because the idea in the 
patient’s mind of th(‘ nature of the object was incorrect. 

I (2) The. nature of flip ol^jort uMiy he rpcngriized. but tlie main idea of the, 
^ noyement cannot be analysed into its component part s. A man was supplied 
with a cigar and matchbox, both of which he recognized. W hen asked ti> use 
them, he opened the matchbox and stuck tlie cigar in and tried to shut the 
box as though it were a cigar-cutter. Then, taking the cigar out, he rubbed it 
on the sid(*. of the box as though it were a match. The main idea of the 
at^tion was to liglit the cigar, but the (components of the id(*a were not directed 
to the proper object nor followed in the right order. 

(3) Lastly, the nature of the obj(»(?t may lx* recognized, the gimeral idea 
of action is normal, but the appropriate impulse }>atterns do not reach thej 
prticentral cortex intact -a normally worked-out idea is not exteriorized .1 
i nta the corresponding patterif of movemen tB. Such a condition is1^rme(# 
rnotor apraxia. Tne nature ot tHe disturbance is best illustrated by quoting 
Liepmann’s classical case. The case was one of right-sided motor apraxia, 
the left side being normal. There was no paralysis on the right side. When 
asked to brush the examiner’s coat, he took the lower corner of the coat 
correctly with the left hand and held it; but with the right hand he picked 
up the brush and iimdc a rhythmical series of movements in the air above 
his right car. At tin? telejihoue, he put the receiver to his ear with the left 

^ The following examples may bo given : (a) Order a person sitting in a chair to stand 
up. The essential movement is to rise from the chair. Before that is attempted, however^ 
he brings his feet in undenieath the body to a point almost under his centre of gravity ; 
this in normal people forms an essential preliminary to rising. Again, a hand is often 
stretched out to grasp the side of the chair to help the body up. 

(6) Attempt to turn round in the chair with the hands folded on the chest. If the 
movement is to the right, the subject first abducts his right leg; as this auxiliary *’ 
movement is closing, he carries out the prime movement of turning the body. As this is 
being completed, he adducts the left leg up to its fellow. 

(c) Arm-swinging in walking is a movement of cooperation helping to maintain the 
balance of the body. It can be voluntarily dispensed with, and one can walk with the 
arms behind the back, but there is oonsciousness of a sense of lack of ease. An athlete 
uses this movement of arm-swinging m a powerful manner to help propel himself along. 
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hand, hut with the ri^ht hand he took the inout}ij)iec(» and put it to liis 
forehead, making noddinjr and piiflinf^ iinwenunits all the wiiile. Anollier 
patient wlio showed similar ditticulties said, ** Je coniprends hiefi ee (pie vous 
voulez, inais je ne parviens jias a Je faire.’' 

It lias been suggi^sted tliat an area im /7/e left prefroiitnl lohe ecnitro ls skille d 
i j^ov^ nents via tht*. motor cortc^x of iKiUi sides of tin* hraim TKie hd't motor 
corte^would he reached hy shorflTonneeting Jilirc.s wliih* the fibres for the 
control of the right motor cortex would fiass through the rfU'pus callofinm. 
Motor ajiraxia has been found following lesions of th(‘ left prel'rontal cortex 
or subcortex and of the corpus callosum. 

! Speech.— Spoken and written speech are important examples of ^dlled 

a nd elaborate voluntary movemen ts. As with other voliintarv movenuMits, all 
forms speech d eDona Dnmaril v on the integrity of the affcntmt mechanism s.f 
For spoken spoecTi we must first he able tf) liear sounds that necessitates an 
intact auditory pathway from the ears to the auditory ( (‘litres ; secmidly, we 
must be able to understand them this proc(»ss is Ixdieved to be related to 
the activity of the adjacent “ a uditory-{>sychi (‘ areas ; the term “ auditory 

sjieech centn^ ” is used to descu’ibe the sjxicial cortical n^gion concerne(i. 
Similarly, for written sfieecdi we n(‘ed an intact pathway from the (*yes to the 
visual cortex to enable us to see ; the writtim symbols must be correctly 
interpreted. This jirocess is lielieved to be related to the activity of th(\, 
‘‘ visual spee(;h centre ’’ (which is jiresumably )>art of the general “ visuo- 
jisychic ” area). The stmsorv sneech centres an? maiidv found on tlie left 
side of the brain in rigliF'bancleJ jiicjividua iZ The ext(‘riorization of sjieech 
demands the skilled use of many musc^h^s, such as thos(‘ of tin; tongue, laryn.x, 
or hand. The exentomotor arenas of the brain, their descimding tracts, and 
the related lower motor neurones, must all be intact and functioiiiiig iiornially, 
and appropriately guided by the cerelndlum and the muscular, labyrinthine, 
and other afforents. But it is further supposed that, as for other voluntary 
movements, there is need for some liigher e(mtre which ni(‘diates the “ plan- 
ning of the details, .se(]ueuce, and duration of the various movement ]>att,erns 
rmjiloyed. It is suggested that there is a ‘‘ motor spcM^.cli c(Uit re ' lor botli 
| snokeii and written speech in the left nrefiontal lojie . in th(‘ neighI)oui-hood 
oT the alJi^ged Ihglier centre tor voluntary movements in gcmeral. The 
higher motor centre for spoken spetu-h is often called Broca’s ctmtre, 
after the man who first attempted to locab^ it with some* precision. H(‘ 
suggested that it lay in the left inferior frontal convolution.‘ 

The sensory speech centres are undoubtedly linked by important jiatliways 
with the motor centres and guide them in their activities. 

* Stirniihitieii of the (H'rehnil cortex in consciou.s man ric\ (T ]iro<liUH*s .s]>()k(Mi sjhhm Ii ; 
this result is not surprising as cortical .stiiiuilatioii only pnalm es “ fraguicnits of even 
<{uite simple movement patterns. Stimulation of the lower part of the im)tor faiH^ area 
(ami the yuisterior part of the superior frontal ennvoliition) may give rise to a ** cry “ 
(like that preceding an epile]»ti(' lit); the cry is called “ vocali/ation ” hot it i.s not 
speech. Excisions in man in the vicinity of area 4-1 produce motor ajihsisia of varying 
degrees of severity and duration ; Penfield suggests tliat this region is prohahly Hroca's 
area. ^Stimulation of this area in eonsi-ious man disturbs its function and produc(\s 
arrest of speech ; one patient said later, “ 1 knew wliat 1 \vantcd to say but could not ” 
(cf. the comment of tlie patient with apraxia (sMprn) “ jc ne parviens j)as a le faire ”). 
Stimulation of the posterior part of tlie parirdal lobe or of Mu* up])er temporal Jol>e also 
produces “ aphasic arrest ” (sudden sjietHihlessiiess) suggesting that these r<"gions ar(j 
also involved in speech. 
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The above schema can be summarized as follows. 




u' 




lv\HS - >Au(lit()rv(Vi»tr(‘s— ^” Aiiclitory Spce.eh (Vntrc " 


> , ‘ Motor Spoerh (’eiit.ros " 


Kvios--X’l'sual (V'Mtros— X’isiial Speet h ('ontn* ' J 


a 


-^Kxcitoniotor Areas - ►Lower Motor \euroiies. ‘Miiseles. 


6 

This schema is to(» rigid, and uriderestiiiiates the closeness of co-ordination 
that exists between various regions of the cerebral cortex. It is |)robably un¬ 
justified to define and locate speech centres with any precision or t(» assign 
to them relatively autonomous functions. The left side of the brain is far more 
important than the right in right-hande^i individuals for the carrying out of 
speech functions in general. Marie stressed that s])eecli functions must be 
considered as a tvhole, l)oth on the receptive and the expressive side, and l)oth 
for spoken and w'ritten speech, it is best to talk of a cortical speech area ” 
or “ region in a vague way rather than to use the terms “ speech centres.” 
which give a misleading idea of non-existent prcHiision of localization. As 
speech is dependent on visual, auditory, and proprioceptive impulses, the 
speech area must be in the. closest functional and anatomical connections 
with tho.se regions of the cortex which primarily receive these impulses. 
temporo-snheiioidal lob e. the li inder part of the parietal lobe (mduding the 
^ipra-marginal and angular gyri), and the isJand ot“ Keil, probably represent 
the [)rincipal recej)tive side of the speech area. Tln^ area is continiiefi fbrwfi»d 
to include that part of the prefrontal lolx*. from which the efferent pathway 
may j)ossibly emerge. The whole of this vast area is correlated with the highest 
intellectual activities ; and injury to this region depresses not ordy speech bu^ 
also other intellectual activities. Injuries to the incoming patliways (ajjditoiy, 
jrisua l. Of - .pronriocenti ve). to the outgoing patliwti^ to the excitomotor areas, 
or to the cerebral greg matter itselfcau.se fairly ch^acteristic disturbances of 
speech, which are discussed morh fully below^r^n general, it may be said 
that injury to the path to the visual speech centre (a in schema) may produce 
word blindness (inability to understand written words). Injury to the out¬ 
going pathway to the excitomotor areas (h in schema) may produce fare 
motor aphasia (inability to speak articulately), or inability to write (agraphia), 
or both, without muc^i mental disturbance. Otherwise most cases of aphasili.^ 
which result from injuries to the cerebral grey matter itself, usually sIbow 
interference with both the expressive and the appreciative side of speech and 
deterioration of tlui intellectiial**faculties. Thus, simple sentences may 
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understx)od, while those involving more com})lex ideas cannot be followed. 
The patient may obey when told to raise his liand, but does not know what 
to do if he is asked to touch his right liand witli his left forefinger. 

Clinical Conditions. — Ijnpv. Mrrrou Aphasta is a condition in which there 


is loss of articulate s})eech without mental confusion or deterioration, 
patient is dumb, though the 


excito motor cortex and its 
efferent paths are intact. The 
condition (!an Ixi regarded a.s 
a special exam ole of aprajr ia 
{p. hr)2) ; a certain highly conv|)li 
cated grouj) of movements. La. 
those of sp<iech, are lost. Tt i.s 
commonly due to a l(?sion . 

I subcortiml in position , wT)l ch culs 
otf the" sneecb 7 irea from 
excitornotor cortex. 

" lyiik w okjkILinijxks s is the 
inability to recognize the meaning 
of written or ]jrinted words, wdiicli 
appear as hieroglyphics. The* 
patient is unable to read aloud or 
copy j)rint into writing. 8j)eech 
otlierwise is not disturbed. \\’prfl- 
blindness (alexia) is a speepd form 
of visual agnosi a ; there is a loss 
of tlie ability to recognize familiar 
symbols. It is due to a lesio n, 
subcortical in oositionT w^hich 


... 




--rl SN y ' 


cuts off 
tpl spec 
Isituated 


ie visual cetitres from 
1 ^ area. It is usually 
een in the substance 


424. of ('orjm.s Striatinii. 

(Itausnn, lii'f!, verv. 7 nRnt. 

Ifis., 1041, 2/, 737.) 

U.l'., b.'isis IMMlUlU'Uli. 

(', nnclous. 

DM, clorsonu'diul mi<-k*us of thaljirniis. 

I(, intmial 

IM’., piitauMin. 

1 * 2 , Cj, fvvtprn.'il and internal division of 
]iul]i(ius. 

S.\, 8iitist{uit la nitfra. 

.sTh, siibtlialaniie nin-iiMis. 

VA. anteroveiilr.al inn leiis of tlialannis. 

1, fibres from eaudatf nuebais to globus pallidns 
fstrio|ialJidar|. 

*4 llbn's from piitainen to ulobns pnllidns [slrio- 
pallidal]. 

:i, fll)res from ulobns ]iallidiis to siibthalainie iiiidiais 
Iliallido-Kuldbalamiij. 

•I, llbres from thalannis to gloinis pallidiis Ithalaino- 
(atllidal]. 

faseinilus lentimlaris. 

0, fibres from glolajs pallidus to bypothnlaimis 
\ |paltido4)y])otbalaniie|. 

7, fa.seieulns tliulaniiens. 

■S, jiallidu-Iiabenular trar t. 


llangular evrus, and often involvtts to globus juiiidus 

1 • 1 ■ I fstnopallidal]. 

the optic radiation, which is close *4 fibres from pntamen to ulobus pallidus [slrio. 
^ by and is passing U) tlie occipital ,,am.ius i- si.i.th, 

t cortex. Word- blitidness i.s thus liiaiiido-sui.tbaiami.i. , . , 

V I ■ I 7 1 • ’f. lU>res Irom tlialanuis to glolais pallidus Ithalaino- 

often associated w «^b firi'^ paiiidai]. 

ATinnli fnsfiriilus lentb iilaris. 

auupjw, yu i. p. jou;. pallidus to bvpofhnlaimis 

rbl^ WoRD-l)KAFNESS,i.C. tlie '. Ipallido.hyjKdbalamiel. 

• ^’7, fa.seieulus tliulaiuieus. 

failure to recognize the nmaning s, ,,aiiido-iiabenuiar trar t. 
of spoken speech with ncT other 

defect of sjieech or intelligence, tloes not occur cliniciilly (sec Syntactical 
Aphasia, p. 650, footnote ], (.3)). 

Cortical Aruasta.- As already explained, pure word-blindness and pure 
. motor aphasia are caused by mheoriical lesions. I iyurics to the cornea: d e- 
I press speech function as a whole . Lesions situated posteriorly affect more 
Jnarkeaiy tKe r^’pUon of speech, while those situated anteriorly disturb, in 
the main, the execution of speech. The l atter acquired speech functions ten d 
to drop out bt^fore those developed in mrlv_]ife. rropositions cannot be 
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CORPUS STRIATUM 


made when ejaculations and emotional expression are still possible ; the latter 
being more deeply grounded, persist longer.^ 

Dysarthria.—Dysarthria is a disturbance of speech resulting from defects 
of the excilomotor areas in the cortex arid their connections^ i.e. the {)yrarnidal 
tracts, cranial nuclei, cranial nerves, muscles ; from disturbances of tone, 
like rigidity ; or from l ack of cerebellar contr ol of postural and voluntary 
activity. Any of these disorders or a combination of them disturb speech 
to some extent; it should be noted that the muscles cannot be used 
efiFectively for any purpose, including that of speech.*'^ 


THE (’ORITIS STRIATUM 

TJic (rorpus striatum consists of the caudafe and Icniicnlay nuclei. The 
j{cauda te nucl e us is part of the ccrcbra.1 sut>{)rcssur or iidiibitory mcclianistns ; 

lenTnuhir nueleiis is part: of the cerehral c^Kcitaforv or [(icilua iofu 
^u K^chtiius nis. Th(*connectiotisot rlu* <*nrpussrriat uniare.^lowii in Kigs. r^;j. 

(1) (Im:j)atk >sr(‘Lfc:us.- (i) As explained on p. (>20, tin* e-aiidate nucleus 
lies on tlui ])atih hv which the cortical su|)jU‘essor hands inliil)it the thahunus 
and so abolish the cortical resting potentials. 

(ii) Inhibitory descending fibres from the suppressor bands relay in the 
(jaudate nucleus to ])ass on to th(» reticular nuclei and thence via the reticulo¬ 
spinal tracts to the lower motor muirones (Fig. KXU p. t)2d). 

(iii) The caudate* nucleus also receives ailerents iVoni the thalamus ; it 
sends tdfereiits to the glohus pallidas |striopallidal tract]. 

(2) JiKNTJCtu.AK >sr('LKrs.—This is suhdivided into au (‘xternal segment 
the pufamen and a smaller ifitenial part, the (/lolms pallidns. 

(i) The extrapyramidal fibres arising iji an‘as I and b n^lay in the putamen j; 
and globus pallid us to pass to the hypothalannis and the excita,tory reticular \ \ 

^ Heail recognizes four clinical varieties of aphasia : 

(1) Veuhal AeiiASiA.—There is defective word formal ion ; words hfd li in internal and 
external spL'eoh arc evoked with difficulty. KnuiiciaJh)n is slow and halting ; writing is 
diflii ult or airnosf iinpossihle. Numerou.s errors arc jaesent in articulate H])eeeh. I’his 
corresponds roughly to motor aphasia and agrupliia {h in schema). 

(2) Nominal Aimiasia. There is difticulty in naming letters, words, or objects. 
Reading is impaired. This occurs ejsjicarialjy with le.sions of tlie u])j)er temporal lobe. 

(3) 8Y'NTACTieAJ. (ok “ .Iakoon ”) ArifASiA. -W hen we Hjw‘ak aloud we immediately 
recognize what lias been said, and are able to correct any faults made. 'I’liis backlash ” 
keeps speech at a liigh funeticuial level. Similarly, impulses from the functioning muscles 
keep us informed as to how the movements are executed, and visual ai)j>reciation maintains 
a check on writing. When the sp<HH:b area is isolated on the alferruit side, a voluble jargon 
results. The patient neither hears nor IViels that, he has spoken incorrectly ; in fh(?8e 
cireurastanecs speech is greatly deranged. The patient becomes excited and very voluble, 
and speaks in a gibberish from which distinguishable words may be entirely absent, lie 
is usually deemed mad by those around hiin (Collier). 

(4) 8KMANTIO Aphasia (semantic: concerned with “moaning”).—There is want of 
recognition of the full significancto of words and phrases. 

- The clinical causes of dysarthria may thus bo summarized: 

(1) Mu fichs : paralysis of muscles of face in myopathy or myasthenia gravis. 

(2) Pftriphf'.ral uerms : bilateral facial palsy ; diphtheritic neuritis. 

(3) Cranial nur.Ui : bulbar form of progrcs.sive muscular atrophy ; tumours of medulla. 

(4) Pyramidal syskm : t.y. spastic biillmr paralysis ; general paralysis. 

(5) Cerehdlum : e.g. rlisseminated sclerosis, Krifnireieh’s disease. 

(b) Extrapyramidal ftyslem : from rigidity in Parkinson’s disease. 
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nuckii; reticulos|)in{il fibroLS (]e.s(*ou(l to T(‘adi tho lower motor neurones wliicli 
they stirnulut(* (Fi^. 409 ; p. 029). 

(ii) The other eomiections are : 

(а) Two-way eonnei’.tions lietwcen the globus pallidus and the thalamus 

(mainly ant(*roventral nuehuis). 

(б) From 1 hegloluis pallidus to tin* h y}K>thaIamiisand subthalamic nucleus. 

(r) To the substantia, nigra. ** 

(i/) Fi’om th(‘ pntamen to tlie globus j>allidus [striopallidal tract]. 
Parkinson's Disease [Paralysis 
Agitans].— In this disorder the subcortu-al 
nuclei, tlie .substaiitia pigra, and globus 
palfidus are most commonly damaged. A 
sTudy of the clinical findings may throw 
some, light on the functions of the corpus 
striatum and the relatiRl subcortical nuclei. 

The characteristic signs of Paakiuson's diseasi* 

^ are : rigidity ; involuntary inoveme.nt 
j.'tremor ; ilisturbaiuM'S of movement, 
ii ^ (J) Kujinrry {.'^tuiatai, Hkiidity). The 
'rigidity (the elinicaJ term for tin* iucreasnl 
musclr which is present) aiVeets mainly 
t lie big niusde and the proximal parts 

of tfi^imbs. ll alTcets both prptagonist.s and 
aiitagonrsts but as the. rigidity is usually 
greater in certain groiqis of mnsck*s, a 
charact.iM’istic posture results. Thus, the 
steniomastoids, the biceps, and knee fleJ^ors 
are*^oftei<nnarkedly involved : the back is 
slightly Hexed, the arms are aclduded and 
Hexed and the knees are bent, /.c. an 
attitude of gemualized Hexion is present. 
wTlie rigid ityT likiLJlH^Jjuttvrii^ of skeletal 
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. 425.—(\jtmtH‘tii)Tis liotwoeii 

rrccciitral au(i othiT i)arts of 
the (Vn'l)raJ (.’ortox and the 
(;or|Mi.s ^Striatum (cliiinpanzee). 
(McCulloch, in Bucy, Prm nlral 
Molar CortcJ', 11M4). 


I muscle tone is due to ])rop noc e])tm* ref lexes: 

*iiT ])rocaTne miljected into tTie nerve supply 
of a muscle in a concentration which 
paralyses only the musele afterents, the 
rigidity is abolislu'd. The hypertoiius of 
striatal rigidity differs in several ways from 
t he “ spasticity " which accompanies 
lie.mijtlegia : (i) the disiTibutipip 
(e.f. |). f)42); (ii) if the limb is progressively 
lle.xed or extended,n*sistauce is encounlered all the tim(*.,a.nd at 
musd(Ns retlexly inliibi ted. i.e. tliere is no lengthening reaction; (iii) the iigdi^^^ 
j^un affe cted by m^k reflex es, /.c. by moving the. head on the trunk (cf. p. 591 g 
StriataTrigidity, like spastidty, must be regarded as a_releas(| 
it. is not ehrar what exactly are tin* Jiighe.r level inhil)itory meehanisms which ^ 
the disease has put out of action ; the eaii^luk^ njiclims is however parjw)fjiie 


ShJiilrcl .-irriis Ci-1.8.4^) im* supressor hauds. 
X(»tc that the .'^npn'.ssor Ijaiids coruHM-t 
Willi and " lliv ” llu- caudate nucleu.s 
(X('). 'I’ll** ex*-itouiot<)r areas -1 an*l Ii 
c-oiincct with and “tire” the friohiis 
|.!ilIi*lus(OIM’:, OPI) ainl the putainen 
(lyinc ln*tw**en Xt' and (OU-i) nf‘ the 
I»-nli«-nlar niieleiis. 


f)23). 


'"'Tmei'igidity in advanc(*<i cases may be so marked that tin* patient, if 
not. too heavy, can be carried about like a statue. Any grade of rigidity 
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must obviously interfere with the ease and rapidity of exe(5ution of move¬ 
ments ; intense rigidity may fix the joints and make voluntary movement 
impossible. 

(2) Tremor. —The tremor consists of fairly regular, rhythmi^lly alter¬ 
nating contractions of a muscular group or groups and their antagonists, 
usually about six. timeS-pei-aecoud. The range varies from a very fine to a 
coarse, wide movement. Though any group of muscles and their opposites 
may be affected the tremor commonly i nvolves the mojy djptal and mobile 
gegments of the body, such as the fingers, hand, lips, or tongue. It may 
consist ol a flexor-extensor movement at the wrist, a side-to-sido movement 
(radio-ulnar deviation), or a movement of pronfition-supination. The tremor 
is readily modified by many conditions. It may be t^emporarily in hibite d by 
p ainful s timuli; it cejis(* s d u ring sleep. The tremor must presumably be 
regarded as a release jHIenonienori but its mode of productioii is unknown.' 
(ExperimenfSTly produced tremor of a similar type is considered on p. 660.) 



Fia. 420.—Rigidity interfering with Movement in Parkinson’s Disease. 


Series of records ol' voluntary flexiou-exten.sion of ripht elbow. A. Before injection. B. Ten nilnuteH after 
injection of 20 c.c. of 1% i)rocaine solution into biceps to paralyse afferent fll)reB in motor nerve. 
C. Fifteen minutes after injection into bicepii. 1>. Twenty-live minutes after injection into biwps and 
six after injection into triceps. In A, movements dwindle almost Immediately in speeii and ratiuo- 
there is considerable improvement in B and C ; after paralysing alfcrcntB in triceps (D), movements 
are rapidly performed and amplitude is sustained. (Walshe, Lancet, 1929.) 

I (3) DiSTupANCK OF MOVEMENT.—The disturbances of movement in 
Parkinson’s disease are as follows : 

(i) There is weakness of the muscles; fatigue sets in rapidly; there is 
I difficulty in maintaining a contraction; the inovemeu ta are irr egula r, 
a^nd limited in extent. Thi.s is well seen in the ca^ of the interosseK on 
aittempting to spread out the fingers the movement is not readily carried 
out, and the feebleness and lack of precision are well marked. These defects 
involve chiefly the small muschis, or at any rate a re leap ^vi dp.nf. 
fR^es„Ci£.xnuscle. The voice is monotonous, and the “ chanson de langage ” 
is lost. The delic^ate adjustments of the laryngeal muscles necessary to 
produce the inflections and modulations of normal speech are lost. There is 
jerky movement of the eyes on looking to one side. It is thus seen that 
muscles are affected chiefly in inverse proportion to their mass. All the 
; am fiJl muscles are aff ected whethe r they are used in highly comple x mo^ 
^ m£afele.j7. larYUXlJCaiJUl^ sim ple movements (e.Q. m terosseir The 

^ Tremor also occurs clinically at rest (static tremor) and during movement (“ inten¬ 
tion ” tremor) in cerebellar dysfunction (pp. 609 and 610), in old people, and in exonh- 
thalmio goitre (p. 991). x r » i 
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impairment of voluntary movement is greatly influenced by the degree of 
rigidity. When an antagonistic pair of muscles (ejj. biceps and triceps) are 
deafferented by means of })r()caiiie, the motor fibres being left intact, the 
rigidity is abolished and it is found that the normal range and speed of 
movement are temporarily restored (Fig. 426). 

(ii) Poverty of Movement. —W^hen at rest the patient with Parkinson’s 
disease literally sits still and does not make the spontaneous movements 
usually shown by normal people. A man does not cross his legs or toy with 
liis lips and cliin during conversation ; a woman does not twirl her wedding- 
ring. Intelligent patients explain they have no desire to move. The rigidity 
when present is a contributory factor in making movement difficult and 
irksome, but it is not an essential accompaniment of the poverty of move- . 
ment. Movements of cooperation (p. 652), e.y. arm-swinging, are similarly, i 
l(».ss in evidence. 

(iii) Emotioval Expression. —The hice is ynash-lihe. in appearance, though 
the pati(*iit can and does laugh or cry. Kmc^t ional moye mentB are carried^ 
out sl owly and less effectively. One patient said, “ I used to Have a ringing 
laugh, now I only make a silly noise.” There is not an absence of expression 
but a lack of ease (due partly to rigidity) in passing from one expression to 

i another. 

(iv) Reft exes. "The reflexes, both su]>erficial and deep, are unaffected at 
first. W'lieii the rigidity becomes severe in degree the jo inte.bes ome fixe d, 
and this niechanicWy mTer jer^^^ wutli tlie, refiexes. the ultimate clinical 
piHiire ih prognsssive cases is one of com])lete motor helplessness. The 
rigidity increases and binds dowm the joints. Speech and swallowing become 
diflicuit, and finally impossible. Tremor is usually marked. 

Experimental Parkinsonism.—Attempts to reproduce the clinical 
syndrome in animals have given the following results : 

(1) Lesions of the vaudate nucleus (►r the putamen do not give rise to 
Parkinsonism. There are conflicting reports a})out the effects of bilateral 
lesions of the ylobus pallidas : some workers (Ranson) have obtained no 
characteristic changers ; others iiave noted striking j)()verty of movement, 
without paralysis or rigidity. 

(2) (i) Bilateral lesions (in thc^ monkey) of the hypothalamus involving the 
lateral areas where, incidentally, the fibres from the globus pallidus to the 
hypothalamus lie, produce interesting results. There is again no paresis, > 
no tremor, chorea, or athetosis, and no rigidity. Although the animal egn 
run, jump, or climb, its movements are slow and there is poverty of move¬ 
ment. The animal stays cpiite still for long ])eriods without change of 
j)osition ; apart from opening and closing the eyes, no movement may be 
observed for minutes on end. Tlie face is described as displaying a “ fixed 
sad expression wdiicli does not changes” Th<i grasp reflex is released : if a 
rod is placed in the hand, it is grasped so firmly that the animal can be lifted 
up by means of the rod. 

(ii) Bilateral lesions (in the cat) in a position close to that discussed 
above, i.e. betw^een the caudal border of the mammillary bodies and the 
rostral fibres of the third nerve, |)roduee a somewhat different ])ictnre. The 
animal is very lethargic and shows (jatalepsy ” ; it remains in any position 
in which it is placed. With the animal lying on its back in a shallow trough, 
if the limbs are flexed they remain llexe(i, if extended they remain extended ; 
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there is no tendency (as in decerebrate rigidity) for the limbs to return to 
a basic posture. Most of the time the animal seems to be asleep ; on 
pinching the tail, it wakes iij), assumes a normal f)osture, takes a few steps, 
and then often goes to sleep again in a standing position. Wlnm awake 
there is great paucity of voluntary movement. 

It was pointed out on p. 030 that the globus ])alli(ius and hypothalamus y 
; form 2 )art of a descending exciiatory pathway ^^Tiicli bnalita th(* responsey 
j of the lower motor neuromss to iinpuises in the pyramidal tra.cts. The^ 
t experiments described above sngg<*st that interru])tIon of tTiis paihway may 
be an important factor in ]jroducing th e weaknes s and p aucity of movemen t U 
of Parkinson’s disease. It could not, however, account for tin' cliaracterisITc* " 
^ rigidity which must be due to loss of some tonic inhibitory influences. 

(3) Tremor. —An alternating tremor resembling that seen in clinical 
Parkinsonism has be(ui produced exporimentally by means of lesions in the 

t egnientum of the midbr ain and pons (but not by lesions involving tl^e 
lasal ganglia). The rhythm of the tremor is not visible in the eh?etro- 
encephalogram ex])eriinentally or clinically, indicating that it is /(O/ due to 
an alternating dischargjj^from the motor (cortex ; it is suggested tliat the 
trenior is due to,some abjSjrnial patS bfaetTvity of reticailospiiial^ excitatcyry 

iand inl^ibitory pathways. ^ ^ '* ' ^ ^ ^ 

* ft' must"be"friinkty admitted that our knowledge of the c()r})us striatum 
and the related nuclei is too fragmentary to enable iis to give any coordinated 
account of their functions or to account adequately for the signs in Parkinson's 
disease in man. 

Clinical Conditions. —The corpus striatum is probably involv(Ml in the 
following diseases: 

(1) Parkinson’s Disease (paralysis agitans), which may be the result of 
vascular lesions of this r(‘gion occurring in old people. 

(2) Encephalitis Lethargica : the corpus striatum is very commonly 
affected, producing an end result almost indistinguishable from the previous 
condition, except that it comes on acutely in younger subjects. • 

(3) Progressive Lenticular Degeneration (Wilson), a bilateral 
affection of the lenticular nuclei associated with multilobular cirrliosis of 
the liver. 

(4) Keknictehus : ‘ the l>asa] ganglia and related parts of tin* brain arc 
damaged and stained yellow in haunolytic disease (p. 180), which results 
from the noxious action of Khesus antibodies. The nuclei usually involved 
are the globrns pallidus and the subjihid^mc. i )0 (the j)utamen is affected 
more rarely). TTthe child survives it may show tin? striatal type of rigidity, 
chorea, and athetosis (and often mental deficiency). 

Chorea and Athetosis. —These two disorders are characterized by 
spontaneous movements ; clinically lesions are usually found in the thalamus 
or coT])US striatum. ' 

In c}iorm the sj)ontaneous movements are irregufar I mef , and japid . If 
the arm is affected there is, in addition, decreased tone and muscular 
weakness, especially of the hand (there is complaint of uselessness ” of the 
hand) ; the arm hangs limply. Voluntary movements of the arm are not 
carried out smoothly but tend to be abrupt and sudden. 

In athetosis the s pontaneous movem ents are slow and confluent—one 
^ Evans and Tolani, Quart. l2ir. ~~ 
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phase blending with the next; the limb thus undergoes a s eries of comple x ^ 
writ;][iingR nr^d As Wilson puts it, the movements appear to he 

directed to an end which is never attained. 

The pattern of the involuntary movements in chorea and athetosis 
suggests that they arise in the cerebral cortex ; thej only occur wh 
is relative..integrity of the_descei^^^ paths from the excitomotor cortex. 

Ej^J^niumntally it is claimed that a j|^ isolatedlesibii nucle us 

^ produces choreo-atheto sis. On tlie basis of these results it has been suggested 
that the spontaneous inovenKUits arc ^ui^,tq interrpptiop oLthe supj)ressor 
V 1 ITJ kgea 4s^ via tli^i cauda te nucl^sS thiLOnilai^^ 
theUlal^iocor tlcaTcm th^xcitom otor area of an aiferent 

control from the subcortical ganglia. Wilson has suggested that a lesion o f i 
the tlialainus might <]eprive tiie cerebral cortc^v of cerebellar control or lead ' 
t o disordered (ierebellocurtical iiifliienc(|s amt thus give rise to the spontaneous 
mtvenumts ; lie Hmws attention to tlie other signs suggestive of cerebellar' 
dysfunction which are found in chorea, e.jj. decreas(id muscle tone, wcaknesaf ^ 
and incoordination of willed movements. ; 

It is claimed that the movements of athett)sis may be controlled by 
(i) removal of area 6, or (ii) section of the ventral column of the spinal cord, 
without encroaching on the crossed pyramidal tracts.^ 

It is clear from the discussion tliat it is premature to assign a precise*: 
patliologv to chorea and atludosis. 


PHYSIOLOGY OF THE EMOTIONS 

“ Of points wliere })hysiology and }>sycholugy touch, the j)lace of one lies 
at ‘ emotion A discussion of the physiology of the emotions must begin 
by recognizing that man is body and mind, a psycho-biological whole,” 
and that emotion has a mental and a ])hysi(;al side. The mental side consists 
of coffnitiv(\ affirticc, and conafive changes.^ The following example illustrates 
the meaning of these terms : thus, 1 h(uir a nois(j wliich T recognize as that of 
an exploding bomb (cognition); I feel frightened (affect), and I want to take 
shelter (conation). TIjc pliysical side, of an emotion consists of changes in 
viscera and skeletal muscles ; these are often widesi)read and involve the 
<;oordinated activity of botli the autonomic and somatic nervous systems. 

Bodily Changes in Emotions. —The bodily changes accom}>aiiymg 
several coarse ” emotions are described below. 

Fkar, — “ In fear the eyes and mouth are widely opcuied and the eyebrows 
raised. The heart beats (piickly and violently, so that it palpitates or knocks 
against the ribs ; the skin becomes pale owing to the vasomotor centre being 
affected in such a manner as to cause contraction of the small arteries of the 
skin : I^rspiratioh immediately exudes from the skin, which is cold, hence the 
term, a c^d sweat. The hairs on the, skin stand erect, and the superficial 
muscles stiver. The breathing is hurried. The salivary glands act imperfectly; 
the mouth becomes dry and is often opened and shut; under slight fear there 
^ Bucy, ,/. Neurol., Neuroeurg^ Paychial.., 1951, /•/, 108. 

* Cognitive, affective, and conative are classical psycliological terms. Cognition is 
derived from the Latin “ cognoscere ^ (to get to know); an “ affect “■ pertains to the 
emotions ” (cf. “ affectionate”), it is a ” feeling ” ; conation is the faculty of volition 
and is related to desire, urge, drive. 
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is u tendency to yawn. One of the best-marked symptoms is the trembling 
of all the muscles of the body ; and tliis is often first seen in the lips. From 
this cause, and from the dryness of the mouth, the voice becomes husky or 
indistinct or may fail altogether. As fear incri*ases into an agony of terror, 
we behold, as under all violent emotion, diversified r(;siilts. The heart beats 
wildly or may fail to act and faintness ensues ; there is a death-like ])allor ; 
the breathing is laboured ; the wings of the nostrils are widely dilated; 
there is a gasping and convulsive motion of tJic lips, a tremor on "the hollow 
cheek, a gulping and catching of tlic throat; the uncovered and protruding 
eyeballs are fixed on the object of terror, or they may roll rtvstlessly from side 
to side. The pupils are said to be enormously dilated. The arms may be 
protruded as if to avert some dreadful danger, or may be thrown wildly 
over the head.’' (DarwiiiJ. 

Grief.—“ The chief feature in the physiognomy of grief is its effect on 
voluntary movements. There is a feeling of W(‘ariness ; movements are 
made slowly, without strength, and with exertion, and are limit(‘d to the 
fewest possible. By this the grieving ]>crson gets his outward stamp ; he 
walks slowly, unst(;adily, dragging Lis feet and hanging his arms. His voice 
is weak and without resonance ; he prefers to sit still, sunk in himself and 
silent. The tone of the muscles is diminished. The neck is bent, the head 
hangs (‘ bowed down ' with grief). With this condition of weakness of the 
muscles there coexists a subjective feeling of weariness and heaviness, of 
something which weiglis u])on one; one feels * downcast,’ ‘ oj)pressed,' 

* laden,’ one speaks of his ‘ weight of sorrow.' Many ‘ succumb ’ to sorrow 
to such a degree that they cannot stand upright but sink or lean against 
surrounding objects, fall on their knees, or, like lioim ‘0 in the monk's cell, 
throw themselves upon the earth in their (h?spair. Ibit this wc^akness of the 
entire voluntary motor apparatus is only one side of t he })hysi(>logy of grief. 
Another side, belongs to the involuntary muscles, esjan ially those in tlie walls 
of the blood vessels. The vascular muscles are strorjgly contracted so that the 
tissues and organs of the body become aiiiemic. The imm(‘diate consecjuence 
of this bloodlessness is pallor and shrunken ness, and the jaile colour and 
collapsed features are the ])eculiarities which, in coiinectiun with the relaxation 
of the visage, give, to the victim of gritif his characteristic physiognomy. 
Another regular consequence of the bloodlessness of the skin is a feeling of 
cold and shivering. Some secretions are diminished ; the mouth grows dry, 
the tongue becomes sticky. Other secnjtions are increased ; there is the 
weeping, with its profuse secretion of tears, its swollen reddened face, red 
eyes, and augmented secretion from the nasal mucous nHutibraiie.” (Lange). 

Role of Sympathetic and Parasympathetic Systems in Emotional 
Reactions. — (1) As already explained, in some emotional states, ejj. in fear, 
the sympathetic nervous system is stimulated as sliown by a quick heart, 
vasoconstriction and rise of blood pressure, dilatation of the jmpil and in¬ 
creased secretion of adrenaline. 

(2) In many emotions, however, parasympathetic overactivity predomin¬ 
ates. (i) The anxious candidate awaiting a viva-voce examination suffers 
from frequency of micturition ; the sacral autonomic is motor to the bladder, 
(ii) Victorian young ladies used to swoon on the slightest provocation ; 
the swoon is the vaso-vagal syndrome (p. 271) in which the heart is slowed 
by vjigal overactivity and the vasomotor centre is^depressed, with a consequent 
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decreased discharge of symjmthetic vasoconstrictor impulses to the blood 
vessels, (iii) The vagal innervation of the stomach is stimulated in states of 
anxiety and resentment, leading to increased secretion of gastric juice and 
dilatation of the blood vessels of the mucosa (p. 520). 

(3) In some emotions there may be complex autonomic activity, e,g. 
increased sympathetic action in one viscus and increased parasympathetic 
action elsewhere. Thus in grief the sympathetic nerves constrict the skin 
blood vessels while the parasympathetic nerves are responsible for the 
secretion of tears and the dilatation of the blood vessels of the eyes. In coitus 
the sacral autonomic is responsible for pelvic vasodilatation and erection of 
the penis while the sympathetic produces cardiac acceleration and a rise of 
blood pressure. 

It is clear that in emotional states the appropriate parts of the autonomic 
system, sympathetic as well as parasympathetic, are eni])loyed to produce 
the characteristic and presumably appn>])riate visceral reactions. 

Influences of Emotional States on Dlu.’tless Glanos. —Emotional 
states intluence the secretion of adrenaline (p. 731) and of the autidiiiretic 
hormone of the posterior pituitary (|). 53). There is evidence that the brain 
regulates the discharge of the anterior pituitary hormones (p. 931) ; emotional 
states might in this way indinjctly affect the activity of the thyroid (e.g. 
possibly producing hyjierthyroidism (p. 980)) and adrenal cortex, and the 
secretion of the hormones of the ovary and the testis. 

Central Control of Emotional Exteriorization.- -Certain regions of 
the cerebral cortex (especially the pnH’entral and ()refrontal areas), the 
thalamus, hypothalamus, and brain stem are concerned in regulating and 
mediating the complex coordinated patterns of bodily activity w'^hich are 
characteristic of emotional states. 

1. Role of Cerebral Cortex. - (1) Evidence set out on p. (>70 show\s 
that stimulation or excision of parts of the prefrontal lobes (esjaudally areas 
13 and 14 on the orbital surface or area 24 fcingular gyrus]), may enliance or 
depress the outward manifestations of emotion, alter patterns of behaviour 
and produce changes in tJie personality. 

(2) Following lesions of the pgramidal tracts, especially in cases of bilateral 
lesions of the eorticobulbar fibres wliieh control the motor cranial nuclei, 
skeletal muscles which are no longer responsive to voluntary control “ spring 
into action and give free expression to sadness or gai(‘ty.” In a typical case 
there is loss of voluntary movements of the fatn;, but emotional expression is 
preserved intact and is elicited in an exaggerated form by what are normally 
inadequate and ina])propriate stimuli. The patient may thus display w’ell- 
executed, prolonged fits of laughing, crying, scowling, or frowning which he 
cannot che(!k or control. One patient started laughing in this way (for no 
particular reason) at 10 a.ni. and continued with few pauses till after mid¬ 
night.^ It is important to emphasize that the patient does not experience 
the feelings which his face and body so dramatically exteriorize ; there has 
thus been a dissociation of the mental and the physical side of the emotion ; 
the mental, especially the “ affective ” component of the emotion is missing. 
Such behaviour is often called pseudaffective, i.e. there is an outward mani¬ 
festation of an emotion which is not felt (see pp. 642, 667). 

* Compare the behaviour of an invited audience attending a variety performance 
given in the British Broadcasting Corporation’s studios. 
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The clinical findin^rs just described indicate tliat eniotioiial ext(‘riorization 
is essentially an inrolunkn-f/ act wliich can be mediated by siilx’ortical h'vels ; 
it is, however, normally modified, and to a considerable extent inhibited, by 
cortical intluences. Thi* extent of such cortical control varies in dillenmt 
peoples and dillerent individuals: the stronji silent Kn.iilisinnan of fiction 
feels deeply but ke(j|)s ins emotional exteriorization tinder iron control ; the 
e(piivaleiit Frenchman not only has a hi<i:hly mobile, exf)ressive face but 

exteu-iorizes his fe(‘liij^^s by 
appropriate activities of most 
of liis bodily museulatun*. 

2. Role of Subcortex. - 
(1) Afti‘i‘ traiis-sectiou of the 
l)ra.iM in cats just anterior 
to the thalannis, there are 
‘‘ released in the resiiltin;j: 
thalamic preparation ‘‘a ^u'oup 
of remarkable activities sucl) 
as are usually associated with 
emotional excitement —a sort 
of ,s7/</a/ lY/f/c." The most trivial 
stimuli, or no recotrnizable 
stimuli, s»‘t u}) wides]>read 
sym|.>athetic ac(i\ity assota- 
ated with erection of tlu' hairs, 
profuse sw(‘aliii][i of tlie toe- 
pads, a raj)i(l lieart rate and 
raised arterial blood pressure, 

1 1 y ])(‘ 1 %^ I y caaij i a., a d lam a 1 i i u‘ 
seendion and bodily move¬ 
ments such MS lashiui^ of the 
tail, ki(;kinji, running, and 
even bitin,*^7 The ‘'width and 
energy " of the extiuiorizatioii 
“ make it unmistakahly the. 
counterpart of intense fury in 
the normal animal.'’ Detailed 
ex|)erimental ahlations prove 
that in the cat the “ rage 
reaction ” is mediated cwitrally 
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by an area comprising the caudal half of the hy])fjthalamus and the most 
ventral and most, caudal fractions of the. thalamus. 

(2) Aft(*r removal of the thalamus and hypothalamus by a niidbrain 
trans-s(‘ct.ion (midbraiii or decendirate pre])aralion) a modified, morti jiartial 
and transient nige reaction can be induced reflexly. Hut the response is 
only elicited by powerful stimulation ; it consists of less widespread, ie, 
more isolated items of behaviour; it may be limited for example to the 
head and show little involvement of the viscera. 

(3) After a midthoracic spinal transection, pseudalTective reactions of a 

1 Company the almost identical rage reactions disjflayed by the. late Adolf Hitler, 
including the reported biting of the carpet. 



ROLK OF HYPOrUALAMUS 


(Ui;5 

still more limited character may he rellexly produced from the isolated lialf 
of the spinal cord, e.r/. the Ilexor withdrawal n^llex of a lej^ on lux^iious 
stimulation of the soh? of th(‘« foot. 

It may he concluded tliat as more of the nervous systerii is available as 
a reflex centre, the kind of stimuli or situations which in the intact animal 
are associated with an ‘‘ affect ” (or ‘‘ feeling elicit more complex, wid(‘ 
spread, and varied reactions wliich we recognize as reserrihlin^^ more and 
more closely tlios(^ outward expn*ssions which in ourselves accom})any 
emotions. It should he emphasized that the lower the level of a reflex 
“ centn*," the more stereotyped and restrieied is the refl(*x response obtained. 
Reflexes einplovinj^ lii^her level centres are not only more jjreneralized hut 
also more variable in ehara.cter and seernin<:dy hett(‘r ada.j>ted to deal with 
the causal situation. The fact that emotional exteriorization normally waries 
so much in its pattern and is so tiieely adjusted to the nature of the 
stimulus, is almost in its(‘If ade<juate evidence that it is mediated by relatively 
hijrli cerebral h'vels. Tin?, evichmce ])n\sented above has made eh'ar th(‘ role 
of the n‘^iofi of the thalanius and hypothalamus in mediating some of the 
“ coarser " emotions. Jbit even the reactions of the thalamic animal are 
limited in pattern, exaggerated in charaeter, and "encrally ill-related to the 
causal agent enijiloyed. We must eonclude that it is the integrity of t])e 
cerebral cortex which introduces th<‘ element of rcinnenKUit, nicety of adjust¬ 
ment, and greater variegation of jiattern into emotional exteriorization. 

d. Role of Hypothalamus. —.As explained on )». Tib, the nuclei of tin* 
hypothalainns control l)Oth divisions of tlie antonornic nervous system and 
also influence tin? activity of tin* lower motor neurones which supply skel(?tal 
niiis(d(‘s. The hypot halamiis is an imj)orta.nt centre on the rjferrnf (‘‘ down- 
str<*am ’’) side of the nn*chanisms controlling emotional exteriorization 
(Fig. 427). 

(1) Massermaii introduced fiin* electrodes into tin* liyj)otlialainic region of 
arnesthetized eats ; the animals were then allowed to recover. Subsequently 
the hy[w)tlia-laTniis (’onld be stimnla.t<*d at will in the conscious intact animal. 
Such localized electrical stimulation sets up a typi('al “ rage njaction,” both 
on the vis(^eral and somatic side, indistinguishable from that ol)served in the 
thalamic animal. These responses are diminished by the administration of 
hypnotic- drugs such as Amytal or N<*inbutal ; on tin* otlier hand the instil¬ 
lation of a minute amount of Metrazol or picrotoxin initiated “ a crescendo of 
excitement reaching a seeming frenzy of rage and fear.” 

(2) On oin* occasion de Rarenne ina.dvertently injected strychnine into 
a cat’s hypothalamus (intending it for the thalamus). A few moments after 
the cat had reeoven*(i from the ether ana'sthesia “ a frightening seizure of 
unleashed fury developed in which the eat dashed madly from one end of 
tlie room to the other and from floor to ceiling, savagely attacking anything 
in its path.” 

CJ5NTRAL Pathways for Emotional Extertortzatiox.- Two-way con¬ 
nections are j)resent between the prefrontal e.ortex and the hypothalamus 
(p. 670) ; fibres also j)ass both ways betvireeii the thalamic nuclei and the hyy) 0 - 
thalarnus (Fig. 428). From the latter new relays j)ass : (i) to the appropriate 
supraspinal autonomic centres {e.g. cardiac, vasomotor) ; (ii) to nuclei in the 
midbrain and the reticular formation of the pons and medulla ; from these 
cells, relays pass to the aj)propriate cranial and spinal lower motor neurones. 
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CAUSE OF AFFECT 


Fibres from the precentral and prefrontial rej^ions of the cortex reach this 
region of the brain st(*m and modify its inherent pattc'rii of reflex response. 
Lesions in man of tin? tlialamus, certain parts of the hypot halamus, and the 
dorsal part of the midline region of the brain stem (reticular formation) may 
produce emotional palsif, i.e. loss of emotional exteriorization ^ while the volitional 
eontrol of the muscles used in emotional expression remains intact. 

Relation of Bodily Changes to Production of Emotional Affective 
State. -There are thre(‘ possible relations between the emotion “ lV*lt ” and 
the emotion “ exteriorized,” i.e. between tlie mental and tlie physiological 
changes: 

(i) The stimulus (i.e. tin* causal situation) sets uf) activity of tlie brain 
which simultaneously gives rise to the feeling and the exteriorizjition. 

(ii) The stimulus first sets up the feeling w hich in its turn, by influencing 
the brain, produces the bodily cluinges. 

(hi) The stimulus acting via the brain first reflexly ])roduces tlie bodily 
changes ; the viscero-somatic changes thus set up send back atferent impulses 
which on reaching the brain induce the affective state characteristic of the 
emotion. This last suggestion is the James-J^ange theory of the emotions. 
The vi(iws of Janies are set out more fully in the footnote.* 

The experimental evidence summarized below suggests that Jaimjs was 
largely in error and that he greatly overestimated th(‘ role ol’ the backlash 
from the body to the brain in jiroducing the ‘‘ feeling ” (alfective) comjiorient 
of an emotion. 

(1) As pointed out on p. 665, appropriate liypothalamio stimulation in 
the intact, uiiamesthetized cat produc<»8 the exteriorization of rage and fear. 
The question arises whether the animal “ felt ” angry or friglitimed : no 
certain answ'er cun be given because we cannot up])(*al to the cat to describe 
its feedings ; but careful <;xaniin«ation of the cat's behaviour during stimula¬ 
tion suggests that the animal is not feeling the emotion it is so graphically 
portraying. The ostensibly aggressive activity during liypothalamic 
stimulation is not directed towards specific objects in the animars environ- 

^ “ J’hi‘ bodily manifeslations niusl be, interposed between the stimulus and the emotion ; 
we fed sorry because, we cry, augry because we strike, afraid because we Ircinble, and 
not that we cry, strike or tremble as the case may be. \Vitb(»ut the bcnllly states follow¬ 
ing on the perception, the latter would be purely cogiiitivi* in form, pale, colourless, 
destitute of emotional warmth. Wo might then .see the bear and judge it bo.st to run, 
receive the. insult and deem it right to strike, but we should not actuallyafraid or 
angry.” “Objects excite bodily changes by a preorganized mechanism and the changes 
are so infinitely numerous and subtle that the entire organism may be called a sounding 
board, which ev<Ty ebange of eonseiousness, however slight, may make reverberate. 
The various permutations and combinations of which these organic activities are 
susceptible make it abstractly possible that no shade of emotion, howcv(?r slight, should 
be w'ithout a bodily reverberation as uniqutr, when taken in its total!I \', as is the mental 
mood itself.” There foIlow's a purple passage which is an appeal to introsficction : “ What 
kind of an emotion of fear w'ould be left if the feeling neitbcT of fiuic^kened heart-beats 
nor of shallow breathing, neither of trembling lips nor of w^eakened limbs, neither of 
goose-flesh nor of visceral stirrings were present, it is quite impossible for me to think. 
Can one fancy the state of rage and picture no ebullition in the chest, no flushing of the 
face, no contraction of the muscles, no clenching of tl»e teeth, no impulse to vigorous 
action, but in their stead, limp muscles, calm breathing, and a placid face ? The present 
writer, for one, certainly cannot. In like manner of grief: what would it be without its 
tears, its sobs, its suffocation of the heart, its pang in tlitj breast-bone ? A feelinglcss 
cognition that certfiin circumstances are deplorable and nothing more. Every passion in 
turn tells the same story. A jmrely disembodied human emotion is a nonentity.” 
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inent ” even wIkjii tlie.se objects appear to be related causally to its emotion. 
The reaction in other ways also, is not adapted to the surroundings : “ the 
cat will dash itself rej)eatedly against the sides of the cage and neglect a 
ready avenue of escape.’' All the pseudaifective (bodily) reactions “ cease 
abru])tly at the end of the stimulus without leaving any of the residue 
(mewing, treinbling, hiding) ordinarily observed after ‘ true ’ (‘ felt ’) emo¬ 
tional .stat(?.s.” The activity induced by hypothalamic stimulation seems to 
carry Jio greater emotional connotation than would contraction of muscle 
inductnl l>v stimulation of a motor nerve. Further, if the hypothalamus is 
stimulated whih' the animal is behaving normally, its activities continue 
almost iimdiangcd until mechanically interfered with by the motor cornponcuits 
of th(» indmred responses. For instance, during hypothalamic .stimulation, an 



Fkj. 428. — Demonstration by the Mc?ihod of Physiolt)gieal 
Nenronograpliy of the (ireat Wealth of Intereonneetions 
bet ween Hyj)othalamu8,ThalanmR and Cortex (Cal) which 
Integrate 'tlie.se Masses into a Functioning Entity. 
(Murphy and Gellhorn, »/. Neurophysiol., 1045, 8, 440.) 

Left : fibres from de**p nuclei to cortex. 
lOubt; fll)res from cortex to (I«'ep nuclei. 

0(\, fryru.s. C.S.O., .M.K.O., H.V.. various cortical pyri. C.S., 

crm ijitc siih^us. V.L., dorsomedial and ventrolateral nucleus 

of tlialaimis. HYPO., liypothnlanius. 

('riierc is of course no need to make any attempt to rememl»er the details 
shown In the Flpure.) 


animal will often (-ontinue as best it can to lap milk, purr, clean its fur, or 
respond to petting despite the appearance of the typical changes of “ sham 
rage.” These results must be contrasted with the immediate abandonment of 
feeding or purring under the influence of true (complete) rage or fear set up 
in the cat, for instance, by the sight of a dog. 

(2) In man, intravenous injection of adrenaline, which produces intense 
and generalized sympathetic overactivity, though it gives rise to vague 
symptorn.s of disquiet, due in part to the violent impact of the heart beating 
forcibly and sometimes irregularly against the chest wall, does not give rise 
to an affective state in any way comparable to that experienced in fear, 
an emotion in which sympathetic overaction is so prominent a feature. 

(3) The clinical evidence (p. 663) makes it quite certain that the mental 
and physiological sides of an emotion can be completely dissociated : a 
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patient with emotional ])alsy may feel deeply but disjdays no bodily changes : 
a patient with a ])yramidal tract lesion may manifest the viscero-somatic 
clianges which ordinarily accompany emotions but in his cas(' the “ affect ” 
is lacking (ho feels nothing). But though the viscero-somatic changes are 
not solely or even niainly res})onsible for tin* affect, they may modify it to 
some ext(mt. Aff(‘rent im])ulses from the viscera are iiormally few (in con¬ 
ditions which do not give rise to ]>ain). but they are pT(‘Siima.bly set up in a 
modified form when th(‘ state of the viscera is altered ; again, afferent im- 
f)ulses from the body wall may be numerous in emotional states. The backlash 
oecurring during tlie emotional exteriori;ialio?i jnay eontrihute to, or modify, 
the effective state, but it rvitiffnrea rather than initiates the affect. (Thus 
the actor may be really moved by bis acting, i.e. by vubmtarv simulate<i 
emotional exteriorization.) 

More ii7iportant than the backlash from the body is the complex sustained 
activity of the higher levels of the central nerv(Mis system wlii(di is set up 
by any situation inducing intense emotion. 1’hiis wc Hnd that after rcMiioval 
of the cerebral cortex tlie pseudaffecliv(‘ r(*aetions of anger or d<‘fenee though 
violent (as already em])liasized) are sh(u*t lived, and wlum compared with the 
n‘sponscs of the whole animal in a like situatiem are “ simulacra of mere 
flashes of iniuietie. jaission.” 

The remaining two possibilities mentioned above, (i) does the emotion 
felt j)recede the. bodily changes or (ii) do the emotion and th(‘ l)odily changes 
ocrcur simultaiieonsly, represent an attem|)t to draw a distinetioii where 
there ls little difTerence. Tlui cortex and subcortex can no longcu* be con¬ 
sidered as relatively indepemhmt levels, one higher, the oth(‘r lower. It is 
clear that the cortex, es])(‘e.ially of the j>r(;frontal lobes, tlu‘. thalamus, and 
the hypothalamus, an* so closely inter(;onneet(*d that in the intact person 
they function as an irit(*grated whole. In nno/ioifs, (ivtirily rlrtrlojis iji larye 
areas of the brain ; these set up a diseharye to viscera and ntusrir.s {(he erferioriza- 
tioii), and. at the same time in an unluon'n manner they yive rise to the mental 
state. The evid<*nce set (mt on pp. fut) et seq. indicrates how iniportaiit is the 
role of the jm'frontal cortex and hypothahimus in relation to both these 
aspects of emotion. 

CONNECTIONS AND FUNCTIONS OF THE PREFKONTAL 

LOBES' 

The })refrorital lobes arc the parts of the cerebral cortex which li(*. anterior 
to the excitomotor cortex (areas 1 and b and the frontal eyefi<*.ld region of 
area 8) and which extend on to the medial asj)(‘ct of the hemisphere as far 
back as the anterior end of the (corpus callosum and so include tlie pi’ecallosal 
part of the cingular gyrus (area The ])n‘dVontal lobes increase markedly 

in size as one aseemds the phylogenetic scale ; but it should be enifiliasized 
that the parietal and ternyiora! lobes enlarge even more conspicuously. 

Connections of the Prefrontal Lobes.^—Those are mainly to and fro 

^ Symposium on Frontal Lobes, Ites. PM. Assoc, nerv. went. Dis.^ 1948, 27. 

“ Thi.s region is now frequently called the frontal lobes by clinicrians ; strictly the 
frontal lobes are the parts of the cerebral cortex anterior to the central sulcus and so 
infjliulf^ tlie excitomotor areas. 

^ Lo Cro.s (Mark, Lancet, 1948, i, 353. 
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with tlie tlialanius and hypothalamus; connoctions aro also established with 
otluM’ ro^ioiis of tJie (‘(‘rehral cortex. 

Akkkukxt Co^XKrnoxs (Fig. -121)). (1) Many iihres pass from the meflial 

liu cleos tli alainim to most of the areas of the pn^frorital lobes (areas 8, 

9, 10, II, 12 on the lateral and adjacent medial surface ; areas 44-47 in the 
inferior frontal convolution). (Jroups of cells in this tliahiinic nucleus project 
on to cireumscrihed areas of the cortex. As the ine<liaJ nm^leus of the thalamus 
^'ceives aneronts from the Ityjiothalanius it follows tliat tli e impulses that 
f|r each the prefrontal lol)es.-Via the? medial nucleus re.nresent a residtan t ” 
IJ oTrivpoTliaramic as well ns of tlialamie RetjvitA 


(2) hibres from the antf'nor nucleus of the thalamus jiroject on to the 
precallosal part of the cingular gyrus (area 24). It is known that the liipjio- 
canijius semis iilires via its efferent tract, the fornix, to end in tlie mammillary 
bodies of the liypothalamus whence a new relay transmits tlie impulses 
to the. anterior tlialamii^ 

nucleus. Whatever its __ 

functions (which an* 

obscure), the hippocamim s 4 ^ V_ 

I i s iiltiinat<*l V ^oie(*t(*d m i - 

: to a. I)re 1 Von ta. 1 srJ ‘p*' ^ \ 

^ CLosKi»-(’JH<;u^rr (kiN- f |p\ 

\i<:(’'rI()Xs I I’ll 'r111-: j-—^ \ 

Thalami’s.— Like most T ^ J 

regions of the <.*erel)ral J 

cortex, the pridrontal lobes ^ mam.body^ ^ 

establish to-and-fro con- I 

LU'ctions with the anterior, y 

nu'dial. and tin* adjacent 
so-calI(*(l “ intralaminar ” 

tiiiiiumic mi. i.d: tiii.stv|K' •V’''';:;* 

, ... L«»)k‘.'s. ( Lc (Jros ( larlv, /.ro/cr/, llMS, i, 

of closeil circuit, as dis- 

. 1 .. , i‘\ ’^ : .1/rf/iii/aspri t of riulit crn-lnal lu riiisplu rr. 

Missed on p. till, JS T( - ^ Anterior tiurh-iis or tliaiaiim.s. 

Sponsibh* for tile ‘ restiue M MimUjiI ol’'r^‘>iindial) iiiic1<*us ortlialannis, 

' ‘ ‘ J’ Eilirrs lr<nii hvjxaiialannis to .’ll. 

electrocortlCOgraiM or v .MuinmUlolhjUaniio traol. 

j[‘](ic t. roeiiC(* J) ha Iograin. 

Intekcok’I'ICAL C()NNK(TIoxs. -(1) .Area 32 (on the medial surface, 
dorsal to the cingular gyrus (area 24)) r<‘ccives allerents from the frontal 
su])pressor areas 8s and 21s (Fig. 420) and also from the oth(*r siij)})ressor areas 
(4s, 2s, lbs). iSh) other (amiu'ctions of area 32 are know^n. The significance of 
this intensive subjection of area 32 to such widespread su|)f>ress(:)r intlueiici's 
is not undmstood. 

(2) A long tract runs back from tln^ frontal (‘yelield in area^ tiLUreii, 18 lli-the ^ 
occifiital lobe (the/R/ru.sVrhf/carea, which surrounds the visual cortex andreceives 
afferents from it). The frontal lob(*s are thus linktd with the visual system. 

(3) Fibres from the prefrontal areas 41 47 (and also from the o(icipital 
area 18) pass int-o the fcwjforal lohes. Tlie prefrontal lobes thus est-ahlish 
connections, both direct and roundabout (nc. A’ia area 18), wi th the tem|)or al 
lobes which in their turn receive numerous association filires from most pTirts 
of the cerebral cortex. (Fig. 430.) 


MAM. BODY 


42U.Maiii .Mlprciit Conntal ion of Pnl'miital 
(Ia* (Jros (.'larlv, Ijtncvl^ llMS, i, ItVl.) 

Mnfhil aspri t ofriuht crri-lnal lu riiisplu rr. 

\ Anterior nuriciis oi tliiilaiuii.s. 

M Mi'dial iiiicl<*us of tli.dannis, 

J’ Eibres i'unii hyjxaiialannis to .’ll. 

V .M.aiiiinillolhahuiiio traiT. 
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ABLATION OF PREFRONTAL AREAS 


Efferent Connections (Fig. 431).—(1) The suppressor bands 8s and 
24s discharge to the caudate nucleus (p. 621). 

(2) Most of the prefrontal lobe areas projc^ct mainly to tlie hypothalamus 
(and thus indirectly influence the autonomic nervous system and the posterior 
" pituitary) and to the grey 

matter of tin* ieymentum 
^ (inidbrain) and reticular 

formation of the pons. 

/ •» Astlie prefrontal lobes 

/—'n \ Jr \ \ linked up with tin* 

/ \ 1 / > thalam us ana the ^hypo- 

/ I tEaTanius by so many 

I y J \* / ] J)assing in both 

nJ J directions, the whoh^ 
^ 'wsL/ system may be considered 

jis functioning as an 
I integrated whole. The 

\ y/^ })refrontal lobes are linked 

u]) with the c ortical visua l 

Kiu. 430. -Association 3'racts connectinir I frontal areas and tTie tempor7il 


Kio. 430. -Association 3'racts connecting I frontal areas and the t empora l 
JiObes with ()ccij)itiil and 3'einporal Lobf*s. (be ToTTPT; t}>ev»^ also apect tli e 
(jlros Clark, Laifcetf J94H, i, 3i»5.) auf onomic nervous system 

Lateral aspect of c.robral hemiKphero. vn». the iwpntb Jn^niis 

(and also niore directly via the brain ste m). The activities of the 
“ complex ’^ consisting oT prefrontal lobes, thalamus, and hypothalamus are 
correlated with some of the hig her infeUechnd the p ersonalit'f^ y 

p Y^olmrial af reets and fornis 
of hehnriour of socia l 
significance. 




tegmentum 


E xperimental y^'f ^ 

Studies.—1. Results of / ^ . \ 

Ablation.— Some of the \ 

more striking consequen- /.^ :Cm) \ 

ces of ablation of the / ^ \ 

prefrontal areas in monkeys tegmentum / 

are summarized below. 

(1) Alterations ok - - 7^^/Fy " 

Activity, —In the monkey, f C/ 

prefrontal ablations, I 

especially those involving 
area 13 (on the orbital 

surface) (Fig 432) produce 431. —Main Efferent Connections of PndVontal 

initially a state of apathy : ) 

*jif« witb i jlfrdtViI aslwct of right cerebral hemisphere. 

tllC aniinai sits witn a M — Medial (dorsomedial) nucleus ol thulamus. 

blank expression on its Tract from hypothalamus to posterior pituitary. 

J. Atii’i 1 Mam. body Mammillary body. 

face, the head is drooped, 

and it stares into space ignoring the approach of human beings ; such 
movements as are carried out are sluggish. After some days or weeks 
the animal passes into a state of hyperextivity which persists unchanged 
for months. The animal is constantly on the move, incessantly walking 


431.—Main Efferent Connections of PndVontal 
Lobes. (Le Gros Clark, Lmictl^ 1948, i, 3r>r».) 

Medial asi^cct of right cerebral liemispliere. 

M —Medial (dorsomedial) nucleus of thulamus. 

Tract from hypothalamus to posterior pituitary. 

Mam. body Mammillary body. 




STIMULATION OF PREFRONTAL AREAS (i7 I 

or pacing about “ liko a caged lion ; the rnoveinents are without aim 
and the animal s(‘ems unable to control or check them. Sometimes the 
movements become almost maniacal in their violence ; they cease during 
the hours of darkness. 

(2) Alterations in Emotional Exteriorization. —Monkeys were 
trained to discriminate between weights; when they chose the heavier 
weight correctly they were suitably rewarded. Tlie ]>ostcentral gyrus was 
then extirpated, witli the result that discrimination was grossly impaired. 
The animal, finding its<*lf in dithculties about choosing correctly, often flew 
into a tantrum of rage and annoyance. These tantrums were al)olished by 
lesions experimentally jdaced in the jirefrontal lobes in area 24 (Fig. 131). 
Cases have been Tecord(‘,(l in which transverse lesions of the ])osterior margins 
of areas 13 and M have produced a (-linical 
stat<' resembling tluj “ sham rage *' of the 
decorticate animal (p. ()f)4). 

(3) Alterations in Social Betiavioitr.- 
Unilateral or bilateral ablation of the rostral 
part of the cingular gyrus was immediately 
follow(?d by marked changes in social be¬ 
haviour.* The monkey lost its pre-operativ(‘ 
shyness and fear of man. It would a[)j)roacl] 
the experimenter and examine his fingers 
with curiosity, insteatl of cowering (as it 
would normally) in tin* far corner of the 
cage. In a large* cage, with other monkeys, 
it showed no grooming or ae.ts of affection 
towards its companions; in fact, it behaved 
as though th(*y were inanimate. It would 
walk over them, walk on them if t}n*y 
happened t-o be in the way, and would ev(*n 
sit on thejii. It would openly take food 
from its companions and a})pean*d surjirised 
when they retaliated: it was not aggressive, 
but seemed merely t<» have lost its “ social 
conscience.” 

(4) Impairment op Memory. —The monkey 
was shown two inverted cups, and food was ])laced under one of them ; 
the monkey was trained to raise tlie cup covering the food ; if it chose 
correctly it was given the food to eat. To test the memory a screen was 
placed between the monkey and the cups immediately after one liad been 
filled. The normal monkey could still make a correct choice after the cups 
liad been out of sight for DO seconds ; after prefrontal aldatioii it might 
choose wrongly after an interval of only 5 seconds. 

2. Results of Stimulation. —The prefrontal areas by their connections 
with the hypothalamus and also by their direct brain stem connections can 
influence autonomic activities. Thus stimulation of area 13 produces changes 
in heart rate, blood pressure, and breathing (Fig. 433). Stimulation of tlie 
central end of the vagus fibres from the lungs produces circumscribed activity 

' Ward J. Neurophyaiol., 1948, 11, 13. GIccr et al., .7. Neurol. Neurosurq. Psi/chiat., 
1950, IS, 191. 



Kif!. 432.--Orbital (infrrior) 
Surface of Prefrontal C’or- 
tex. (After Kueli and 
Shenkiri, J. NeuropJiyfiiol., 
1943, 6. 349.) 

Ol.'l'., olfartory fnic.t. 

0<', oi)tie chitistna. 
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in area 13 and nowhere else in the cerebral cortex. Stimulation of area 8 
afftMJts the motility and st‘.cretory activity of the gut. 

Effects of Excision of Prefrontal Lobes in Man.— The results in 
man are very variable and de])end in part on the extcmt and site of the opera¬ 
tion and whether it is unilateral or bilateral ; gravc'r disturbances are usually 
noted after bilateral excisions. If the excitoinotor areas are spared there is 
no impairment of volitional movement or alteration in muschi tone or retlexes. 
Two case reports will be quoted, oTie in which the. effects of the operation were 
minimal and another in which gross alterations in f)ersonalitv and behaviour 
a])peare(;l. 

(1) Case 1 was a motlnu’ of six childnm ; she had an extensive unilateral 
resection of tlu^ prefrontal area for tumour.^ After tlu‘ ojxu’ation, y sh(‘, was 
careful of her person, and orderly; her sense of humour and insight were 

intact. She talked intelligently and neither 
more nor less than good taste demanded.” 
Her powers of expression are illustrated by 
an extract from a letter written one year 
after the operation : “ We will often think 
of you at Christmas, and T am thankful I 
can picture you as you will be, the sunshine 
in the dining-room and the study, the cheery 
open fire, the children going out skating, 
slipping and sliding on the cold crunch of 
the snow.” Her short-comings may be 
illustrated* by the following experience: 
“ Fifteen months after the operation she 
planned a simple supper for her brother 
and four members of her own family. She 
looked forward to it with pleasure and had 
the whole day for preparation. When the 
appointed hour arrived she was in the 
kit<5hen, the food was all there, one or two 
things were on the stove, but the salad was 
not ready, the meat had not been started 
and she was distressed and confused by her 
long-continued effort alone. With help, 
however, the task of preparation was quickly completed and the occasion 
finally went off quite successfully.” It might be added by way of 
comment that many a woman without a maid might not even have 
ventured to issue such an invitation, and further, that the experiences 
described are not unknown when the housewife has both prefrontal lobes 
intact. 

(2) Case 2 in whom the larger part of both frontal lol)e.s was excised 
showed impairment of emotional restraint; he was aggnissive and was 
free in his expression of hostility to those around him ; though impotent he 
boasted of his sexual vigour. Thus at the barber’s shop : “ This is a punk 
barber’s shop.” To the barber : “ Why don’t you go to a barbers’ school 
and learn how to give a good shave.” To the next man : “ You get the 
lousiest hair-cut in this i)lace.” Or to the doctor : “ I will explain to you 

1 Penfield and Kvans, Hes. PubL Assoc. Res. nerv. ment. Dis., 1934, j:i, 352. 
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some oth(jr time while I explain the manner in which stock is stocked at the 
])resent time. You hear a man offering more than JOO shares of stock, go 
up to him and say, ‘ Save me 100 shares '—in other words you are not elected 
to take this stock until he sells all his stock at a certain price. 1 think a man 
should not be elect(;d to that stock until he sells at one-eighth above the price. 
Obhlujaio fortissimo ! ]iunk ! Do you know what that means ? ” He is told, 
“ Not in the least,” and replies, “ Well, it means anything you want it to 
mean.” Dr. Hrickner (D) rej>orts the following conversation with his i)atient 
(P) in the bathroom. The jiatient btjgan to scratch his genitalia. D : “ What 
are you doing i? ” P : “ I’m itching myself.” D : “ It looks to inr, you are 
masturbating yourself.” P : “ Well, 1 can do that too.” To quote the 
re])ort: ” lie (‘ontinued to rub his penis till he had an erection, exhibited 
same in an off-hand manner to the. doctor, and then stoj)ped ])laying with 
hiinsidf.” 

Further details of tlie effects of prefrontal lolx* injury in man are given 
below in the discussion of the results of prefrontal leucotoniy. 

Prefrontal Leucotomy. —The experimental linding recorded on j). t)70 
suggested that deliberate lesions of the prefrontal art.^as might help certain 
ty])es of nKUitfil disorder. The operation of frontal leucotomy was intro ¬ 
duced by Mon iz ; a burr hole is made on each side of the skull above the 
zygoma and behind the orbital margin. A sj)ecial needle is introduced into 
the brain and carried through an arc ui)wards and downwards to cut the 
sulxjortical white fibres in the plane of the coronal suture just anterior to the 
tip of th(i lateral ventricle. The of |^,h y opt^mtipn in to sever the conneclions 
between the thalamus ami the prefrontal lobes. It should b(.* remembered that 
wh(‘n the deep thalamocortical connections are cut most of the pndrontal 
cortex is put out of action as the cortical association fibres an? jelativcOy 
few (p. 069). 

The operation just described is a “ blind ” one, and tin? surgeon cannot 
select, precisely, the region which he is to damage or destroy and, in fact, the 
amount of tissue ami the region damaged vary considerably ; it is not 
surprising, therefore, tliat the reported n^sults diffVu- in j>atients who show(*d 
the saim? initial clinical disturbances. To an incn?asing extent thera]){?utic 
leu(;otomies are lading carried out by an operation which enabh?s the surgeon 
to see exactly what he is doing. The newer operations consist of section of 
selected parts of the corticothalamic connections or of excision of limited 
areas of the prefrontal cortex (topectomy),^ 

The type of mental disorder for which prefrontal leucotomy has been most 
helpful is that showing the clinical picture of “ mental tension.” This is 
described as a “ persistent emotional charge ” sustaining and to some extent 
determining the clinical picture ; this ” charge ” is ” always of an unpleasant 
quality, invariably distressing and sometimes intolerable to the patient. Its 
presence is shown by irritability, rage, fear or other forms of emotional 
excitation, insomnia, and on the motor side, restlessness, aggressiveness, 
destructiveness or impulsive behaviour.” 

Generally only chronic cases that have not responded to any other form 
of therapy have been operated on. Following the operation there is usually 
an initial state of confusion in which the patient has impaired memory, may 
not know who or where he is and generally shows marked depression of 
^ Bock ei al,, J. meni. Sci,, 1950, 96, 157. 
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intellectual activity ; there may also be urinary (and occasionally fecal) 
incontinence. Some cases pass through a phase of severe irritability in which 
they are restless, tear at their dressings and become abusive and violent on 
the slightest provocation; they are usually ravenously hungry. These 
symptoms pass away gradiially ; a prof)ortion of the pntients (c.//. 00% in one 
carefully selected series) recover sutiiciently to leave the mental hospital and 
live at home or to do useful work ; but they rarely fully rt'gain their pre¬ 
illness personality and ability. 

Th(*, ])riiicipal mental changes after leucotomy are illustraled below. 

I There is a remarkable change in j/motLt o one of “ visible! Iiappine ss " and 
cheerfulness ; one patient reported : “ 1 find the worlcl after a.ll a nice place 
to liv^iu'' After the operation it was said of anotlnu* [)atitmt: “ Her 
outstanding (pialities now are her gaiety of spirits, her eneigy and lov(* of 
life. The })atient- is easy going, a good mixer, and fond of social activities. 
She had a party the other (evening and entertained her friends. She |)lay(ul 
the ])iano, played duets and games. Maud’s friends think that a miracle has 
happened. She is like the person she was before she became ill, except that 
she is a much happier edition. A favourite phrase is ‘ I laughed and laughed * 
as she relates some joke.” 

The patient after l^cotomy luis a high opinion of his own abilitie..s niid is 
talkativ e and boastf uif but in fact he is le>ss conscientious about his wp rk. 
ir leSi^T(itficie nt and hj^ hiifher infellcdual aetlrfhefi are impaired}^ He cannot 
settle dowm is ejisi 1 y^distracte d, and always drifting from jol) to job. One 
operat(!d patient descrihecl liimself as a salesinau a.nd supervisor in his 
father’s firm, but the lather WTote : I am sorry he has not found a, useful 
occu})atioJi yet; being the son of the din^etor lie wanted to lx* appointcxl 
to a managerial |)Ost which he cannot possibly undertake. Ih* travfds to the. 
city about threi*. days weekly and is helping in the busijn*ss f(»r about an hour, 
when he will go olf for coffee, return for a little while, and go for luncli, 
returning usually to his home in the early afternoon.” The freipient change 
of job is partly due to inefficiency and partly to nistlessness, tliough the 
patient regards it as evidence of ready ada])tiibility. A motor mechanic 
wrote a year after leaving hospital: “I have got on w(*ll sinc(! 1 left. 1 
have been doing nursery work and find it interesting. Befon* this I worked 
as a gardener at a hosjutal here, as a mechanic, also ;is a sh(*et-metal worker 
under a friend of iniiie, and as a farm labourer. ” The ])ati(*nts often show 
a great diversity and multiplicity of hobbies and light interests. “ I still 
have my large flights full of birds. 1 have forty canaries, also bndgcirigars 
and British birds. 1 keep them mostly for shows. Also I read a lot of books. 
I have my four hives of bees to look after as well. And J still have my music 
practice, as 1 have played a ]uano accordion for three years now.” But there 
is a marked loss of interest in st^rious matters. One )>atient wrote*: “ A great 
many strong of)inioiis that 1 used to have seem to have*, disappeareul eiitogether. 
I had, in spite of certain intelligent doubts, gre^at religious faith, but now I 
seem to have no enthusiasm for any kind of religion.” There is something 
jfchpjr ; thcy l ack persoiial friend s. ” She has not 

made any nejw friends ” ; ” Nobody woulelfe botheniei with her ” ; “ Nobody 
would make a pal of her, she considers herself first always ” ; ” She is not a 
person you could either like or dislike.. She is completely colourless ” ; 
“ There is a kind of vacancy about her.” 
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Tho relations may lind leueotoniized jaitieuts di/Jlcall to live with. The 
main con 4 )laints were (i) sLm.l low ne ss of iVeiin^ and Ituik of affection amLat' 
consideration for otlie rs, even tor^dnklnm ; (li) domineering manner, self- 

1(^(1 stnbbornn(‘ss, and inaccessibility to reason; and (iii) outbursts of 
temj)er and irritability, with no n‘kret for injury done, to others. Lack of 
ailec-tion was (is})ecially distres.sin^ to peojde who had sljown the utmost 
consideration for the patient returning after a long absence. They found 
that tin; patient acceplcul it as a matter of course. Wives and children 
felt the emotional estrangement and mdilfenmce, and suflered under it. 
“ He is not like his old self; for instance he does not take the interest he 
sliould in our litth^ girl, ag(*d tlin^e years. Il(‘, doesn't j)lay with lieT like 
other fathers. He cares for no one but himself.’' Patients do Jiot worry 
even when they Jiave cause to do so. “ He is so far from worrying that lie 
semns to t reat wit hout much gra vity really serious circumst ances. He behaved 
with Ids usual calm during a ratiuT unpleasant miscarriage I had in the 
s])ring, and attended his badminton club, the cinema, and a fishing excursion 
just as usual.” The patient tends to become a “ s}>iv ” type ; or as one woman 
said of her husband : ” he is much better but he has lost his soul.” Jn suc¬ 
cessful cases th(^ .sympUims of the [>revious jisychosis (delusions, hallucinations, 
obsessioiKS, ritual activities such as the (uidless washing of the hands, sense of 
guilt and anxiety) more or less disapjieur.^ 

On the whole thine is little irrespon.sibh*. or per\ (‘rted behaviour in sexual 
life, insidii or outside marriage, and few reports oi‘ serious confiiet with''the. 
law. 

Some patients die weeks or mimtlis after the operation from jnarked 
wasting or urannia, resulting it is thought from interference with the cortical 
control of visceral fuiictions.“ 


CONDITIONED REFLEXES 

Pavlov recognized two distinct classes of reflexes. 

(i) The inborn or unconditioned reflex Avhich is presinit in all normal 
rmnnbers of a syiecies : i.e. what is generally called a rellex, such as the knee- 
jerk, light reflex, secretion of saliva w^heii food is introduced into the mouth 
(Fig. 434), and the flexor reflex. 

(ii) 1 he actfuircd or r.omlitioncd reiiax which depends for its appearance on 
the formation of new functional connections in the central nervous system, 

‘ Aiiothia- strikiiij5 exHiuplti of the sort of personality eliaiige that may he })rodueeiJ 
by leueotorny is set out below. Eiieefdialitis lelhaigiea in eliildom, damaging mcany 
parts of the brain, cspeeially the basal ganglia, may eoiivert the yiatient into “a little 
devil,” with uncontrollabh; and vicious impulses liNiding to anything from excessivedy 
naughty to grossly eriminal acts. One patient was taken iJI at the age of 10 : she 
subsequently developed temper tantruius, sereaming attacks and destructive impulses. 
81ie smashed windows and broke e.roekery, assaulted <>lher children and told lies. 
Ultimately she became so unmanageable that she was confined to hospital. Bilateral 
leueotorny was carried out at the age of ,*11. She subsequently settled down quietly to 
hospital routine, remained of an even temper, and was cooperative in simple daily tasks; 
she was contented and could now' be allowiid home on parole. Her mother reported 
that she was still somewhat impetuous, .sell-willed and unnl)l(* to eoneentrate for aii\' 
length of time. 

MeUardy,./. XeuroL Neurosimj. Psychiat.^ 1950, /,?, 100. 
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and is therefore peculiar to the individual. The term “ conditioned ** refers 
to the fact that certain conditions must be present if this class of response is 
to develop. It would help clear thinking if these reactions were called 
condilioned resj)onscs. 

A simple example will illustrate how a conditioned rcdlex is established. 
The introduction of food into the mouth is a stimulus which sets up retlexly 
the unconditioned res{K)nse of salivary secretion, and is therefore termed an 
micorfditioned siimiflffs. If a. neutral stimulus, e.ff. the ringing of a bell, is 
applied so as to eoincido with the unconditioned stimulus (the taking of food), 
and if the })rocedure is repeated sever.al times the initudly neutral stimulus 
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response to the “ excitatory tone ” and later by irradiation that to light also. 


finally acquires fresh f)roj)crtics (and ih'i vous connections) and can now of 
itself elicit a secretion of saliva (Fig. 4,‘M). The How of saliva in response to 
ringing the bell is an example of a conditioned reHex ; the jirocedure of ringing 
the bell has becorm* for the individual under experiment a conditioned stimulus 
{i.e. one which elicits a conditioned reflex). 

C onditioned reflexes are always built up primarily on the basis of inborn 
rellexea. Tfie salivary reflex is the usual reaction employed because the 
response of the glands can be expressed quantitatively in terms of the volume 
of saliva secreted. Tlie salivary duct is usually brought up to the surface, 
the saliva is collected, and the volume automatically recorded ; to prevent 
extraneous factors influencing the animal it is usual to have the observer and 
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the recording a])paratus in a separate room from that in which th(> experimental 
animal is j)laced.^ 

Establishment of Positive or Excitatory Conditioned Reflexes,— 

(1) The animal must be alert and in good health, and there must be complete 
freedom from all simultaneously operating nervous influences. 

(2) The conditioned stimulus (or rather the external stimulus which is to 
become the conditioned stimulus, e.g for eliciting the salivary flow) must 
begin to operate before the unconditioned stimulus is applied ; e.g. the bell 
must begin to sound before any food is put into the mouth. fTf the reverse 
order is followed, and the new external stimulus is applied after the uncon¬ 
ditioned stimulus, it fails to acquire any new properties.] The conditioned 
stimulus must also be allowed to continue to act so as to overlap the 
unconditioned, t.e. the bell continues to ring while the animal is being fed. 

(3) Almost any stimulus if suitably employed may become a conditioned 
stimulus; it may be one to which the animal was previously indifferent, 
or even one which is nocuous in character. Nocuous stimuli normally elicit 
an ** unconditioned defence reaction ”; but, in spite of this, if they are 
not too severe and are suitably combined with the administration of food they 
may become conditioned stimuli eliciting a salivary flow, and no movement 
of defence whatever occurs. 

(4) Necessity for Reinforcement —For a conditioned stimulus to retain 
its new properties it is essential that it should always be followed by the 
unconditioned stimulus. Thus, in the example previously mentioned, if 
ringing of the bell (conditioned stimulus) is carried out several times alone, 
and is not followed by placing food in the mouth (unconditioned stimulus), 
it soon ceases to elicit a salivary flow—in other words, the signal has become 
misleading, it no longer heralds the administration of food and so is ignored 
(p. 679). The process of following up a conditioned stimulus with the basic 
unconditioned stimulus is termed reinforcement. 

(5) The disappearance of a natural agency may become an effective con¬ 
ditioned stimulus. Thus a bell is rung continuously while the dog is l>rought 
into the experimental room. The sound is then cut out and food is adminis¬ 
tered. After several repetitions the cessation of the sound l)ecomes an effective 
conditioned stimulus ; and the same a])plies to a diiniiuition in the loudness 
of the sound. 

(6) Duration of Time as a Conditioried Sliumlas. The animal is fed at 

regular intervals, e.g. every 30th minute. After a time it is found that even 
when the feeding is omitted, salivary secretion occurs at the 30th minute. 
Or the experiment may be varied as follows: feed the animal every 30th 
minute, but a few seconds before giving food a metronome is sounded, i.e. 
the conditioned stimulus now consists of the time interval plus the sound 

^ The concept of conditioned reflexes is by no means new. Leibniz, in his Mona' 
dology (1714), writes as follows: “ Memory provides the soul with a kind of conseciitiveness 
which resembles reason, but which is to be distinKniwhed from it. Thus we see that when 
animals have a perception of something which strikes them, and of which they have 
formerly had a similar perception, they are led by means of representations in their 
memory to expect what was combined unih the thing in the previous perception^ and they 
oome to have feelings similar to those they had on the previous occasion. For instance, 
when a stick is shown to dogs, they remember the pain it has caused them and bowl and 
run away.” 

® As happened to Londoners during the Second World War with the “ cut-out ” of 
flying bombs. 
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of the metronome. When the response has become well established, it is 
found that sounding the metronome at the 29th minute is ineffective, though 
it gives a complete reaction at the 30th. 

(7) Sccovdarff OonditioHrd h\ll(\rrs. —Those are built up on the basis of an 
alroacly firmly cuiulitioned rotii‘x, instead of directly on the unconditioned reflex; 
e.g. if a fresh neutral stimulus is suitably applied in conjunction with ringing 
of the bell (which is already a conditioned stimulus) it finally becomes a 
conditioned stimulus too. 

(8) There is yet a further method of developing conditioned reflexes 
which is of great clinical interest. Inject aj)oniorphine“ this produces in 
the dog salivation, retching, and vomiting : 1- 2 minutes after the injec¬ 
tion, sound a tone and continue during the time tiiat the characteristic 
symptoms make their appearance. After several repetitions, sounding the 
tone is sufficient to induce the symptoms of the drug, though to a lesser 
degree. Similarly after several injections of morphine in the dog, the })re- 
liniinary procedures of sterilizing the needle, cleaning the skin, etc., produce 
typical symptoms such as nausea, salivation, vomiting, and sleep. In some 
cases the mere sight of the experimenter is sufficient to produce the same 
result. It is well known clinically that after a course of injections of 
hypnotic drugs the injection of saline may have a powerful hypnotic effect; 
similarly a sleeping draught can be gradually diluted to a considerable 
degree and yet remain quite effective. 

It has often been noted that asthmatics, who develop attacks in the 
presence, say, of a rose, will be equally affected by an artificial rose. It may 
be supposed that the appearance (colour, shape) of the rose has become 
a conditioned stimulus grafted on to the basic stimulus of the chemical 
constituents of the flower. 

The secretion of gastric juice in response to the sight of food is also an 
example of a conditioned reflex. In puppies brought up on a milk diet, 
the sight of bread or meat arouses no gastric secretion ; it is only after these 
foods have been consumed on several occasions that the mere sight of them 
becomes an effective conditioned stimulus for gastric secretion (cf. p. 777). 

Conditioned reflexes are mediated by the cerebral cortex ; they disappear 
when the cortex is completely removed. Fig. 134 indicates diagrammatically 
how the region of the cerebral cortex which n;(;eives the impulses set up 
by the “ conditioned ” stimulus is believed to establish new functional 
connections with the basic (inborn) reflex arc. 

Conditioned Inhibition.—8o far we have been dealing with positive 
conditioned reflexes involving excitation of the nervous system and leading 
to activity of muscles or glands. We have next to consider phenomena of 
inhibition in connection with conditioned ndlexes. These may be divided 
into two quite distinct groups- external and internal. In external inhibition 
a positive c{)nditioned reflex is weakened or abolished as a result of some 
competing excitatorg reaction wliicdi is operating at the same time. By internal 
inhibition is meant that a stinmlus mag be made to acquire the power of setting 
up an inhihitorg state in the cerebral cortex. 

1. External Inhibition.— (1) Temporary. —The presence of any ex¬ 
traneous stimulus while the conditioned stimulus is being applied prevents 
the appearance of the conditioned reflex for minutes or even days. The 
new stimulus arouses the animal’s curiosity ; the animal looks at and smells 



INTERNAL INHIBITION 


670 


the new object and ignores the conditioned stimulus ; but if the disturbing 
stimulus is repeated on many occasions and thus becomes familiar it ceases 
to have this inhibitory influence (t.e. it is itself ignored). 

(2) Pebmanex'I’. - Sometimes the inhibitory influence of the extraneous 
stimulus is of a more, lasting character. Suppose the introduction of weak 
acid into the mouth has been developed iiiio a conditioned stimulus ; if 
concentrated acid is applied so as to produce severe irritation of the 
buccal mucous membrane, no conditioned reflex to acid can be obtained until 
the condition of the mouth is restored to normal (“ once bit, twice shy *’). 

2. Internal Inhibition. — (I) Differential iNTiriuTiON. — When a 
conditioned reflex is successfully established, e.ff. to a tone of KXK) double 
vibrations (d.v.) per second, many other tones simultaneously acquire similar 
properties though to a less degree. This is referred to as the period of 
genera! izatiOH —when a st‘ries of accessory refle.xes spontaneously develop 
around th(^ central reflex. The definitive conditioned stimulus (l(XX) d.v.) is 
now regularly reinforced, but the neighbouring tones (e.g. 950 d.v.) are never 
reinforced ; the power of differentiation rapidly develops, i.e. the animal 
responds strongly to the definitive stimulus but gives no reaction to related 
stimuli. It can be showm that the unreinforced related stimuli develop 
inhibitorif properties as a result of this period of differentiation (Fig. 434): 

(1) They show an inhibitory after-effect on the positive conditioned 
reflex : 

12.10. Tone (positive conditioned reflex): 5 drops saliva (reinforced). 

12.25. Tone -J lower (never reinforced): 0 drops saliva. 

12.26. Tone : 0‘5 drops saliva (reinforced), 

i.e. less than reaction at 12.10, showing presence of an inliibitory 
after-effect. 

12.56. Tone: 4 drops saliva (reinforced), 

i.e. inhibitory after-effect has nearly passed away. 

(ii) Repetition in rapid succession of the unreinforced related stimuli gives 
rise to a larger inhibitory after-effect (a process of “ summation ”). 

(2) Extinction. —It has already liocn mentioned that if a conditioned 
stimulus is not followed by the unconditioned stimulus— i.e. if reinforcement 
is not carried out—the conditioned reflex is gradually weakened and finally 
extinguished. 

Example: Conditioned stimulus repeated without reinforcement at 
2-minute intervals. The salivarv reactions in droj)8 were successively : 
10, 7, 8, 5, 7, 4, 3. 

A conditioned reflex which has thus been extinguished tends to return 
spontaneously ; the depth of extinction may be measured by the time which 
elapses before the reflex returns to its original intensity. 

We suggested above that extinction was simply due to the animal 
ignoring a signal which had repeatedly proved to be misleading. This, 
however, by no means represents the whole truth ; there is evidence 
that the process of extinction involves in addition the development of an 
inhibitory state in the cortical centres. Thus during the development of 
extinction, other conditioned reflexes which may be present in the animal are 
also weakened, not only conditioned reflexes built up on the same inborn 
reflex, but even those based on other inborn reflexes. Further, if the 
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unnnnforced conditioned stimulus is repeatedly applied after extinction is 
complete, it deepens the state of inhibition in the cortex (cf. p. 083). This 
is called by Pavlov extinction heyomf the zero. 

(3) CoxDiTiONET) iNHiniTfON. -The method of inducing conditioned 
inhibition — i.c. a conditioned reflex of an inhibitory or negative characti*r 
as contrasted with the positive or excitatory conditioned reflexes discussed at 
first—is as follows : 

Establish a positive conditioned reflex in the usual way : let us suppose 
that the conditioned stimulus is the sound of a metronome. Now apply 
an additional stimulus in conjunction with the conditioned stimulus, care¬ 
fully observing certain time relationships which will be described immedi¬ 
ately ; present this combination on many occasions and never reinforce (with 
the basic unconditioned stimulus), i.e. never give food. It is finally found 
that the combination gives no salivary response, and that the additional 
stimulus has acquired the jmoer of inducing an inhibitory stcde in the cortex — 
i.e. it is now a conditioned inhibitor. 

Time Relationship. —To become an inhibitor the additional stimulus 
must overlap at some stage with the conditioned stimulus, though its onset may 
precede, coincide with, or follow the onset of the conditioned stimulus, as 
shown in the diagram. 

Conditioned stimulus 


Additional stimulus 


It can be demonstrated that the additional stimulus, when presented alone, 
can inhibit other positive conditioned stimuli with which it has net)er previously 
been combined, both stimuli based on the same or on other inborn reflexes; 
it is claimed that it may even inhibit the inborn reflex itself. 

Experiment: Two positive conditioned reflexes have been set up: the 
conditioned stimuli are (i) the flash of a lamp, (ii) a rotating object—each 
of which when presented separately induces salivary secretion. 

The rotating object (only) was then appropriately combined (supra) with 
a tactile stimulus, so that the compound stimulus produced no salivary 
secretion. The tactile stimulus thus became a conditioned inhibitor. The 
following observations were then made : 

Stimulus applied for 1 miuuto. 

Rotating object 
Flash of lamp 

Flash of lamp + tactile stimulus 
Routine reinforcement of rotating object 
by feeding 

Rotating object + tactile stimulus 



Time. 


1.38 p.m. 
1.50 „ 

A. 2.14 „ 
2.25 

B. 2.43 „ 
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Note that either the rotating object or the flash of the lamp presented alone 
gave a well-marlc(Hl salivary flow ; when the flash was combin(?d for the first 
lime with the tactile sLiuiiilus (which was the additional stimulus in the 
inhibitory combination) the secretory response was reduced to only 2 drojis 
(line A). Obviously the additional stimulus (the tactile stimulus) has 
inhibited another positive conditioned reflex. In line B we see how the com¬ 
bination of the tactile stimulus with the rotating object gives no flow at all. 
though the rotating object alone gives a good flow and has just been 
reinforced. 

Such observations prove that the additional stimulus has b(*corae a 
conditioned inhibitor, i.e. one that has acquired inhibitory properties. 

The inhibitory combination can be shown to exert an inhibitory after-effect 
on its own and other conditioned reflexes. 

Experiment: Positive conditioned reflex established : conditioned stimulus 
(one which produces salivary flow) is rotating object. Rotating object plus 
tone form an inhibitory combination, i.e. they give no salivary secretion ; 
the tone is, therefore, the conditioned inhibitor. 

The following observations were then made : 


Time. 

Stimulus during 30 seconds. 

Salivary flow (drops). ; 

i 

3.5 p.m. 

Rotating object (reinforce) 

7 

3.28 .. 

Rotating object (reinforce) 

6 

3.38 .. 

Rotating object + tone 

0 

3.B8 „ 

Rotating object 

1 

4.10 

Rotating object 

2 

_ _ ! 


It will be noted that the inhibitory combination was applied at 3.38, 
and that at 3.58 and at 4.10 the positive response to the rotating object 
alone was still very feeble, 1 and 2 drops respectively, instead of 6 or 7 as 
at first (inhibitory after-effect).^ 

Use of Differentiation in Study of Analysers.—Pavlov used the 
term anah/ser to rtder to the periphenil sense organ and the cortical cells 
(“ centre ") in which tln^ aflerent path ends. The analysis of external stimuli 
is eflected partly peripherally (p. 550) and fiartly centrally. The functional 
capacity of the various analysers— e.g. auditory, visual, tactile, can be in¬ 
vestigated by the method of differentiation ; a positive conditioned reflex 
is established and regularly reinforced ; closely related stimuli are never 
reinforced, and one determines whether they develop inhibitory properties— 
which would be proof of satisfactory differentiation. The following results 
have been obtained in the dog. It by no means follows (in fact, it is most 
improbable) that exactly similar conditions exist in man. 

Acoustkj Analyskk. —Small variations in intvnsitg, and intervals of i of 
a tone (e.g. difference betw'cen 800 and 812 d.v.) can bo readily distinguished. 
The uj)per range? for pitch in the dog (60,000 d.v.) is much higher than in 
man. The effects of injury to the central or peripheral part of the analysei* 
can be readily studied. Division of the corpus callosum results in loss of the 
})ower of localizing the side from which a sound comes. 

^ It is, of course, tempting to compare this inhibitory after-effect with the inhibitory 
after-discharge described for simple reflexes (p. 544). 

22 * 
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VISHAI. DIFFEKENTIATIOX IN DOG 


After removal of both temporal lobes in the do^, auditory conditioned 
reiiexes still persist to some extent and elementary diifereutiation can still be 
effected. Though the principal part of the auditory analyser is located in the 
temporal lobes, extensions of it are dispersed widely over a larger area of 
the cortex; possibly the outlying parts are only e ipable of cruder analytical 
activity (cf. p. 574). 

CuTANE(3US Analyser. —This analyser in the dojjj can recognize small 
differences of tt'-mpemture (1^ C.), the precise site of stimulation, and the 
difference l>etwcen rough and smooth (cf. p. 5511). 



Fic. -V'isual I>iff‘rrt*ritiation in Do^. 

The various figures sliown were successfully differentiated (by the method of 
differential inhibition) from the white cross. (Pavlov, dmulUitmed 
RejUxes, translated by G. V. Anrep. Oxford University l*ress, 1927.) 

Visual Axalv.skk. V«*ry slight diff(?ren(!(is in luminosity can be appre¬ 
ciated ; different shades of grey can be differentiated which appear identical 
to the human eye. The colour sense, however, is very rudimentary. A 
circle can be distinguished from an ellipse, the limit being when the axes 
of the latter are in the ratio of 9 to 8. The various figures shown in Fig. 435 
were successfully differentiated from the white cross. 

After extirpation of both occipital lobes object vision completely dis¬ 
appears ; with limited injuries it is possible to demonstrate loss of parts of 
the field of vision (cf. p. 580). The interesting observation has been made that 
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Uu‘ (inferior part of th(‘ ct^rebral cortex in the diuj is ca[)al>lc of rudimentary 
visual analysis : when the posterior half of the cerebrum is removed, stable 
conditioned reflex(;s can still be established to changes in the intensilf/ of 
iUumination, and the animal can avoid dark objects in a bright room and walk 
out through an open door guided by differences in luminosity. 

iNniniTOKY Effect of Prolonged Use op Excitatory Conditionei) 
Reflexes. —When an excitatory conditioned reflex has been elicited on 
many occiasions over a j)rolonged period the response obtained tends to 
dwindle and disappear ; finally the conditioned stimulus develops inhibitor 
f)r()perties and may depress other conditioned reflexes which are present in 
the animal. If its use is discontinued other conditioned reflexes become 
enha!iced. Sometimes, if an excitatory conditioiKjd stimulus is applied 
repeatedly during a. short })eriod, the animal becomes inert, all positive 
conditioned reflexes disap])ear, and the animal may even decline the food 
which is offered it during routine reinforcement. If iniw stimuli are now 
applied, the animal brightens up and the other positive conditioned reflexes 
return. These observations illustrate well the depressing effect of monotony 
and the stimulating action of a changes in the environment. 

Spread of Conditioned Inhibition. —hlxperirnents will be described 
to show that when conditioned inhibition is produced it first affects 
small localized areas in one analyser, then it spreads to involve more of 
th(^ same analyser; later, the effect may involve the greater part or the 
whol(‘ of the cortex, iind tiiially the inliibition may reach tb(‘ subcortical 
centres too. 

(1) Streai) i.n one A\alv.ser. -Positive conditiomal reflexes are estab¬ 
lished in responst* to tactile stiiuulation of four points (1, 2, 3, 4) on the skin 
of a limb, and a myafirr {inhllntori/) reflex is establislu'd by differential 
inhibition to a fifth [)oint u. The spots are thus arranged (distances are 
measured from 0) (Fig. 430) ; 

0 1 2 3 4 

(3 cm.) (9 cm.) (15 cm.) (22 cm.) 

Stimulation of points 1, 2, 3, or 4 yields 5 drops of saliva. 

Expt.: (i) Stimulate point 0 three times at 1 minute intervals : 0, 0, 0 drops. 

1 minute later stimulate point 1 : 0 drops (instead of usual 5). 

Pause (ii) Again stimulate point 0 three times as in (i): 0, 0, 0 drops. 

1 minute later stimulate point 2 : 3 drops (instead of usual 5). 

Pause (iii) Again stimulate point 0 three times as in (i): 0, 0, 0 drops. 

1 minute later stimulate point 3: 5 drops. 

It is clear that the sumraated inhibitory effect of stimulating point 0 depresses 
the response from the adjacent spots 1 and 2 but not that from remoter spots, 
e,g. point 3. (See Fig. 436.) One can suppose that the central projection of 
the spots bears a somewhat similar relationship to that found in the skin 
(cf. p. 570) ; this experiment thus demonstrates that inhibition may involve 
adjacent parts of the analyser without affecting more distant points. 

The inhibitory after-effexi set up by stimulating point 0 disappears in 
point 1 in 10 minutes, and in point 2 in 5 minutes ; t.c. recovery occurs first 
in the outer fringe of the inhibitory effect. 

(2) Spread to other Analysers. —When the intensity of the inhibition 
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SPREAD TO WHOLE CORTEX 


is liig it may involve other analysers, and conditioned reflexes based on 
them may be weakened (Fig. 434). 

Expt,: Positive conditioned stimulus 1 (tone 4000 d.v.), yields 12 drops. 
Semitone lower is given inhibitory properties by differentiation. 
Positive conditioned stimulus 2 (rotating object), based on another— 
the visual—analyser, yields 7 drops. 

(i) Ai)ply tone : 12 drops. Reinforce. Apply semitone twice : 0, 0. 

1 minute later. Tone : 5 drops. 

(ii) Show rotating object: 7 drops. Reinforce. Apply semitone twice: 0. 0. 

1 minute later. Rotating object: 7 drops ; 
i.e. two repetitions of the semitone produces inhibitory effects on other 



Fio. 436—Spread of Conditioned Inhibition in the Cerebral Cortex. 

0,1, 2, 3, 4: points on skin and corresponding rcfdons of cutaneous analyser. 
I'he sign 4- (on the skin areit) Indicates that the stlmiilus was reinforced, 
and the sign — tliat it was not reinforced. In the cortex, + and — 
represent central excitation and central inhibition resi^ectively. 


couditioned reflexes based on the same analyser, but not on reflexes based 
on another analyser. 

(iii) Apply tone : 12 drops. Reinforce. Apply semitone/o«r times ; 0,0,0,0. 

1 minute later, Tone : 1 drop. 

(iv) Show rotating object: 7 drops. Reinforce. Apply semitone four 

times: 0, 0, 0, 0. 

1 minute later, Rotating object: 3 drops; 
i.e. four repetitions of the inhibitory stimulus depress its own (auditory) 
analyser further, and also exert an inhibitory influence on the visual analyser. 

Recovery takes place more rapidly in the distant analyser. 

(3) Spkeai) to Whole Coktex. —^When inhibitory reactions are being 
elicited, the following phenomena may be noted : the inhibitory process 
involves the whole cortex, as proved by disappearance of all conditioned 
reflexes. Extraneous stimuli, unless exceptionally powerful, fail to elicit any 
reaction. The animal, nevertheless, maintains an alert posture : it stands 
with wide-open immovable eyes, head up, extremities extended, not seeking 
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support in the loops, remaining motionless sometimes for minutes and some¬ 
times for hours. On changing the position of an extremity it retains the 
new position. The presentation of food brings about no reaction.” Pavlov 
suggests that the subcortical centres remain at work so that a posture not 
unlike that of decerebrate rigidity is maintained reflexly, but independently 
of the cortical centres. 

(4) Spread to Suik’oktex. —A^erv often when diffcTential inhibition is 
being cfirried out tin* aniiiial })ee(>m(is drowsy and falls fast aslee)). The brain 
stem centres are now also inhiluted as shown by loss of tone, relaxation of 
skedetal muscles, drooping of the head, sagging liml)s, and body hanging 
limply in the su])porting loops. 

On the basis of these observations, Pavlov has argued (probably wrongly) 
that natural sleep is merely a widespread process of internal inhibition (cf. 
p. 686). It is interesting to note, however, that sleep may be of a patchy 
chara(rt(‘T, leaving one analysts relatively free, as in the sleep of th(» anxious 
mother who is readily awaken<*.d by the slightest sound from her child. 

Cortical inhibition (or “ localized sleep ”) can be restricted to its own 
analyser by the appropriate application of excitatory conditioned reflexes. 
Thus a certain tone was turned into a positive conditioned stimulus ; various 
other tones up and down the scale were given inhibitory properties. If the 
inhibitory stimuli were applied too often, the animal fell into a deep sleep ; 
but if a suitable balance was kept between the excitatory and inhibitory 
stimuli, the animal remained alert.* 

Sleep.**—It will be convenient to consider at this point the phenomena of 
sleep and the views which have been expressed as to their causation and 
significance. 

Phenomena of Sleep. —The outward phenomena of sleep need no descrip¬ 
tion. There is a fall of blood pressure and a decrease in the heart rate ; 
there is no evidence of cerebral anaunia.. The res])iratory rate may be un¬ 
changed or even increased but the total pulmonary ventilation is decreased 
sufficiently to produce a rise in the COo tension in the alveolar air and arterial 
blood. The metabolic rate is low^ered ; thus in a six-year-old boy the hourly 
heat production was three times higher when he was awake than when he was 
asleep. Gastric tonus is unaffected, and well-marked hunger contractions 
may take place. A smaller volume of urirn*, is secretcul. Owing to COo 
retention there is a respiratory acidaunia which is compensated for by tlu* 
kidney by the excretion of more acid and ammonium salts. Skeletal inusch^ 
is markedly relaxed, and in association with this loss of tone the deej) reflexes 
(e.g. the knee-jerk) are abolislied. Using accurate recording d(*vices it can be 
shown, however, that the degree of restfulness varit;s, and periods occur when 
some degree of muscular activity can be detected. The normal })lantar reflex 
is absent and is replaced by the Babinski response (p. 692): this indicates 
that the discharge from the motor cortex is in abeyance during sleep. Tlu* 
light reflex can be readily elicited. The axis of the eyes may b(* deviated in 
any direction, but the pupils are always small. The position of the body as a 

^ See Pavlov’s book. Conditioned Reflexes : An Investigation of the. Physiological 
Activity of the Cerebral Cortex, translated and edited by G. Anrep, Oxford University 
Press, 1927, for further particulars ; the details of experiments cited in t his eliapter are 
all taken from this work. Another point of view is presented in Masserman, Behaviour 
and Neurosis, Chicago, 1043. 

* Klcitman, Physiol, Rev., 1929, 9, 624. 



686 


CAUSE OF SLEEP 


whole varies widely during sleep in diflerent individuals and species. Soldiers 
have been reported to continue standing on parade or marching after falling 
asleep ; horses normally slecf) standing on four legs. But as a rule the righting 
refl(^xes are lost during sle(*p. Cortical action })otentials cease or are })ro- 
foundly modilied (p. 625).^ 

Effects of Proloncseo Wakefulness. - The general effects of this con¬ 
dition (familiar to the many who have experienced long periods of aerial 
bombardment) are common knowledge, but very few precise experiments 
have been carried out. Subjects have been kept awake for periods varying 
from 40 to 115 hours. Negligible physical changes were noted, and it is 
claimed that the mental capabilities were in no way diminished. This last 
conclusion can hardly be accepted as it is contrary to general experience* ; 
probably the tests employed were of too simple and crude a character. Most 
people who have had inadequate sleep find it difficult to concentrate, are 
unable to carry out difficult mental activities, and have lost their normal 
alertness and sense of well-being. 

Theories of Sleep. —Literature is full of explanations of the purposes 
served by sleep : Sleej) that knits up the raveil’d sleave of care, tin* death 
of each day’s life, sore labour's bath, balm of hurt minds, great nature’s 
second course, chief nourisher in life’s feast,” and so on. Possibly the poets 
are right that sleep enables the body to recuperate from the eflects of the 
toils and troubles of the day. But which part of the body needs such a 
prolonged recovery period ? As we have seen, the autonomic nervous system 
continues to function in much the same way during sleep as during waking 
hours, though there is possibly lessened sympathetic and greater para¬ 
sympathetic activity ; the vital centres in the medulla oblongata continue 
in the main to carry out their normal functions. It is the skeletal inusculatun* 
(with the striking exception of the muscles used in rhytlmiic respiration) 
which is reduced to com]jarativ(! quiescence.; sleep essentially involves 
reduced and modified activity or actual inactivity of the higher parts of the 
brain and es])ecially of the cerebral cortex. We do not know why the cerebral 
grey matter should need these long periods of rest, but as pointcid out on p. 492, 
the oxygen consumption of brain tissue is alw^ays very high. It may be 
supposed that the edianges which take place in nerve C(*lls are not fully 
recovered from during wakiiig hours, and that a sort of “ debt ” is incurred 
which can only be discharged during periods of sleef). This view' is a modifica¬ 
tion of the once fashionable hypnotoxin ” theory which suggested that a 
noxious chemical agent accumulates in the brain, and wheji present in 
sufficiently high concentration arre.sts cerebral activity w'hich docs not recovej- 
again till the alleged toxin is destroyed. Too little is known, how'ever, of the 
metabolism of brain tissue to make these more than interesting and untested 
suggestions. 

Pavlov’s views tliat sleep rei)resents a state of what may be called “ active " 
cortical inhibition were discussed above (p. fi85). Koch (p. 766) showed that 
afferent impulses from tlie carotid sinuses may produce a state indistinguish¬ 
able from sle(*]). But it is very difficult to see any real resemblance between 
the methods emjdoyed by Pavlov or Koch to produce sleep in experimental 

* pppth of wlcep variPR dtirinp ibo sleep period, ft reaelies a maximum during the 
first hour, after whicJi it gradually dimiTiisht-H, to decrease rapidly towards the time of 
waking. 
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dogs and tho way in wliioli we normally com[)()se oursc^lves to sleep. Sleep 
cannot be regarded as an accpiired reaction, which conditioned rc^tlexes 
(by definition) essentially are, in face of the fact that new-born babies 
sleep for some 23 hours a day and may have to ])e wakened for their 
fe(*ds. 

It seems possible that the basic condition of the brain is that of sleep from 
which we have to be actively stirred into wakefulness. Stress must be laid 
on the fact that to produce an efferent discharge a continual afferent drive is 
usually needed. The preparations for sleep reduce the sensory stream to a 
minimum level : the quiet room, the closed eyes, and the relaxation of the 
muscles all reduce the incoming impulses from the dominant distance 
receptors, and also from the proprioceptors. We may suppose that 
in the absence of an adequate afferent stream cerebral activity is 
suspended. 

Relation of Nerve Centres to Sleep. —Developing this theme it has 
been suggested that sleep may be the result of some “ block ’’ at the level, 
say, of the thalamus, which cuts off the cerebral cortex from afferent impulse 
streams. There is a good deal of evidence that sleep and wake are related 
to the state of this level of the brain. Disturbances of the hypothalamic 
nuclei, for example, may be associated with derangements of sleep (p. 718). 
In encephalitis lethargica, derangements of sleep are common, either in the 
form of prolonged periods of sleep or in the inverse form of marked sleepless¬ 
ness. In these cases Economo found lesions in the grey matter surrounding 
the third ventricle and the Sylvian aqueduct. He suggests that these regions 
act in some way as a “ sle(*p centre.” It is more likely that disease of this 
neighbourhood may interrupt essential ascending or descending tracts. 
Disorders of sleep may occMir without apparent involvement of the principal 
long sens(»ry or motor paths. 

Injection of ergotamine (ergotoxin) into the third ventricle of animals 
may induce sle(»p of a seemingly normal character. The significance of this 
observation is difficult to assess. The sleep may be the result of the action 
of the drug on the adjacent hypothalamic nuclei. 

Hess has described a technique by means of which special insulated, 
fine-pointed electrodes can be introduced into the brain of unanaesthetized 
normal animals and localized areas may thus be stimulated. If the grey 
matter in the midline in the region extending backwards from the thalamus 
along the neuraxis is stimulated, sleep is induced which has all the normal 
physical accompaniments. When stimulation is discontinued the animal 
wakes up again. The experiment can be repeated many times in the same 
subject, proving that it is not due to destructive effects. Stimulation of 
closely adjacent regions may give rise to bursts of activity— e.g. “ une veritable 
gloutonnerie,” epileptiform attacks or coordinated defajcation or micturition. 
Hess suggests that a subcortical centre “ presides ” over the fundamental 
cycle of sleep and wake. It might act in one of two ways : by sending afferent 
inhibitory impulses to the cortex which induce a state of sleep or (as mentioned 
above) by interrupting excitatory impulses which maintain a state of wakeful¬ 
ness. 

No final conclusions can yet be reached, but it seems clear that the 
same common end result of sleep may be brought about in a variety 
of ways. 
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THE SPINAL CORU AND BRAIN STEM ■ 

The Spinal Coud (Medulla Spinalis) 

We have already discussed fully tlie various ascending and descending 
tracts of tlie spinaf cord. It nunains here, to suniinarize the facts brielJy 
(Fig. 4d7). 

A. Descending Tracts.—(I ) Crossed pyramidal traet |lateral cortico¬ 
spinal tract] : lies in the lateral (ailiinms of the cord. It is derived from the 
cells of layer V of the opposite pna-entral cortex (ji. t>d2). 

(2) Direct pyramidal tract 
[vcuitral corticospinal tract] : 
in the ventral columns close to 
the anterior median tissure. Jt 
d()(*s not extend lielow the 
midthoracic region. The lihres 
cross in the ventral commissure 
to the op])osite side. The 
[lyramidal tracts end round 
ventral horn cells both directly 
and indircurtly via the dorsal 
group ol‘intorneuronos (]>. (i.Tl). 

(3) Descending iibres from 

(i) the nuclei of the reticular 
formation of the pons and 
medulla —reliciiUnip 'uial Iibres ; 

(ii) olivary nucleus—a/ 
tract; (iii) vestibular nuchu 
vcsfilmlospinal tract ; (iv) red 
nucleus -nz/jmsp/aa/ tract. In 
man most of the fibres from tin* 
red nucleus after crossing, 
connect with the reticular 
nuclei of the brain stem ; the 
impulses then continue down 
in the reticulospinal tracts; 
(v) superior colliculi 

tract wliich passes down the median longitudinal bundle in the brain 
stem. All these descending tracts lie iiitiirmingled in the spinal cord in 
the v( 3 ntrolateral region and end round ventral horn cells both directly 
and indirectly via the ventral group of iriterneurom;s (j). 585). 

Some of these dzLscending fibres are a nday oi inhihilurfi jiathways from the 
cortex (p. 523), others are a relay of facUitatory [lathways (p. f)2b). 

B. Ascending Tracts. —(1) Funiculus gracilis and funiculus cuneatus 
(tracts of Goll and Burdach) in the dorsal columns of the cord ; their cell 
bodies are in the dorsal root ganglia of their own side. These tracts end 
ill the nuclei gracilis and cuneatus in the medulla. The funiculus gracilis 
lies medial to the funiculus cuneatus (p. 559). The tract of Lissauer [dorso- 

* RariKon and Clark, Anatomy of Nertuma System, 8th ndn., Philadelphia, 1947. 



Spinal Cnrd. (Sharpoy-Schafer.) 

1. CiosMuI iiynniiidal tract ; 2. Dircc.t pyramidal tract; 

a. Wiitrolalcral tlcs<;cii(liiij»; lia. niiiiUlc of llc.lwcg; 
4. Itiilirospinal; fi. (‘omnia ; (L EiinicuIiiH irracilis (tract 
of (loll); 7. I'uniculus cuneatus (tract of Jturducli); 
H. Liasuucr’s tract,; Jl. TRjrsal siunoccrdicllar tract; 
10. Spinotitalaiiiic aiul V(rntraJ spinoccrchcllar; </.«*, 

S(!pt,o-mar£!iiial ; x.p.I. Sujicrtifaal florsolatcral filircs; 
rt-'/5 ('cll.s ill vcniral Iioru ; /. Cells in lateral horn of 
Krcy matter (com'ccUor cells of sympatlintic) ; /*. (.’^•lls of 
(iorsal horn ; V. t’l:irk«.''s (.olumn of cells. The scattered 
dot.s iiuiicato tier situation (»f “ eiidoi^eiious ’* Hhres 
(jirisiuc ill tlie urey matter of the cord) and haviiiu for 
(he most j»art, a sliort course. .Many of tliese which lie 
near the «ircy mutter liave not heen iiiflieatod. 
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lateral tract] consists of short ascendinj; and descending nociceptive fibres of 
the dorsal nerve roots (p. 555). 

( 2 ) (i) Dorsal spinocerebellar tract arises in Clarke’s column of cells 
(dorsal nucleus) of its own side and passes up the restiform body [inferior 
])edunclej to end in the cerebellum. 

(ii) V(Mitral s|)in()cerebelhir tract arises in Chirk(‘’s column of cells of the 
same and opposite side and (‘nt(‘.rs the cerebellum via tlie brachium con- 
junctivuni [sn[)erior pedumile] (]>. G() 6 ). 

(ri) Sjiinothalamic tract: from dorsal horn cells of the opposite side of 
the cord. These iibres cross oblicjuely in tiie grey (commissure to the opposite 
ventrolateral region of tlui vvhit(i matter, and asc(*nd to end in the thalamus 
(p. 559). In the sj)inal cord the spinothalamic tract consists of a lateral and 
a v(*ntral [)art. 

C. Propriospinal Tracts. The Iibres arise in cells in tin* cord and end 
in tile cord. They an* v<;ry numerous and nuiy be divided into : (i) s/iorf, 
connecting adj{JC(*nt s(’gments ; (ii) lorn/, coniu'cting more distant segments 
of the cord, c.//. arm and leg “ centr(*s ” and tlius snbs(‘rving long spinal 
rellexes, c. 7 . rellex(‘s from the foot atlec-ting the hand or rellexes in the r(‘verse 
direction. The ])ro])rios])inal tracts are both a,sc(‘nding and d(*scending ; 
they weld the spinal cord into an integrated whole, in the same way that 
lojig(?r jiatlis int<‘grat(! tlnj s})inal cord with tin* brain stem. 

The Table below gives information of value clinic.ally in the diagnosis of 
the level of a lesion of the spinal c.ord. 


SKGMENTAL DISTRIBUTION IN THE SPINAL CORD (Collier and Adib) 


Segment. 

iVIUB(;le8. 

Rellexes. 

C4 . 

Spinati. 


06 . . 

Deltoid, bicopa brachii, braebialip, brachio- 

Biceps and supinator- 

1 

radialis. 

jerk. 

(J6 . 

Pronators of forearm. 

Pronator-jerk 

C7 . 

Triceps, extensors of wrist and lingers. 

Triceps-jerk. 

US . 

Flexors of wrist and fingers. 


Thl . 

Small muscles of hand. 


Th2-10 . 

Intercostal muscles. 


Th7-12 . 

Muscles of abdominal wall. 

Abdominal reflexes. 

Thl2-L3 . 

Psoas. 

L2, cromasU rie reflex. 

L3 

Adductors of thigh. 


L4 

Quadriceps, abductors of thigh 

Knee-jerk. 

L6 

11 amstrings. 


SI 

Glutei, posterior calf muscles. 

Ankle-jerk. 

82 . 

Anterior tibials, peronei, small rniiscles of foot. 

Plantar reflex. 


Complete Trans-section of Cord.—The account which follows is based 
on the findings in cases of spinal injury occurring during the First World War 
it is supplemented by the somewhat different observations made during the 
Second World War.^ The accidents of civil life, or acute transverse section 
following on inflammatory or vascular lesions produce very similar pheno¬ 
mena ; practically identical results are seen, too, in the experimental animal. 

’ Head and Kiddoch, lirainj 1917, 40^ 1SS-2B.'L Riddoch, ibid., 263-402. 

“ Kuhn, ibid., 1950, 73, 1. 
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SPINAL SHOCK 


In acute trans-section of the cord the patient feels himself cut in two. The 
higher centres are unaffected and the mind remains clear, but the whole of 
the body below the level of the lesion is deprived of all activity. 

Stage of Flaccidity. —The muscles are completely paralysed; all the 
reflexes are abolished and muscle tone is lost; the muscles lie in any position 
imposed on them by gravity. There is complete loss of all sensation ; 
crarap-like pains, however, are present at the level of the lesion. The bladder 
and rectum are generally paralysed. The sphincter vesica?, however, frequently 
retains its functions, or recovers very rapidly, with consequent retention of 
urine (see p. 772). The penis is flaccid, and erection is impossible. As the 
vasoconstrictor fibres leave the cord between tlie first thoracic and second 
lumbar segments, a trans-section below the level of the second lumbar pro¬ 
duces very little fall of blood pressure, while se.ction at the first thoracic level 
causes a fall of blood pressure equal to that resulting from destruction of the 
vasomotor centre, i.e. to a level of 40 mm. Hg (cf. j). 

The venous return from the limbs depends largely on the contractions 
of the skeletal muscles. The amount of blood reaching a muscle depends, 
too, on the functional activity of the part (p. 432). Owing to the complete 
immobility of the lower limbs, the blood flow reaching thorn is d(?creased 
and the venous return is impeded. The paralysed parts are consequently 
cold and blue. The limbs may swell if any abnormal tilting of the pelvis 
obstructs the femoral veins. The skin is dry and is very liable to be affected 
by serious sloughing bed-sores. 

If the lesion is at the level of the sixth thoracic segment, all impulses 
coming in from the abdominal viscera are cut off from the brain. Griping 
sensations or distension of the viscera are not appreciated. 

The above phenomena belong to the stage of faceuUtg. It is obvious 
that the isolated segments of the spinal cord have lost their power of mediat¬ 
ing reflex functions. To this temporary state, the term spinal shock is 
applied.^ In looking for the cause of this condition the following facts must 
be noted : 

Spinal Shock.—(1) The shock affects the distal segments of the cord 
only and not the segments headward to the injury. The monkey with its 
cord divided in the thoracic region, goes on looking out of the window and^ 
catching flies. The fall of blood pressure is not responsible for shock, because 
the fall is equally marked in the headward part of the animal, which does not 
suffer at all as a result of the trans-section. 

(2) Operative shock plays no essential part. The method of trans-section 
is unimportant; cutting the cord across quickly or tearing it deliberately 
makes no difference. Furthermore, if the animal is allowed to recover from 
the shock and a second trans-section is then made a few segments lower down, 
the reflex activities of the distal end of the cord are quite unaffected by the 
second operation. 

(3) The higher the animal is in the scale of development, the more pro¬ 
found and the more lasting is the condition of spinal shock. In the cat it 
lasts a few moments, in the monkey a few days, while in man it persists for 
about three weeks. In the higher animals the spinal cord has few truly 

1 It is noteworthy that no such condition of “ shock ” follows trans-section of the 
brain stem in animals. Tn some patients with complete spinal trans-section the dcgHM* of 
shock is much less marked than here descTihrMi; some reflexes may never disappear. 
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autonomous activities : it is largely dominated by tlm cortical and subcortical 
centres which in turn arc driven mainly by the great sense organs of the head. 
As the cord is so dependent on the higher nervous levels, the cord is tem¬ 
porarily “ thrown out of gear ’’ when their directing influence is cut off, and 
some time must elaj)se before it regains its ])rimitive powers of inde])endent 
activity. This work supports the view that the simj)le spinal reflex is a 
“ fiction and tliat nearly all so-called s])iual reflexes also employ long arcs 
involving the higher levels of the central mjrvous system (cf. j). 530). 

The general principle which emerges from this discussion is very important. 
The nervous system does not consist of a series of isolated units but is a closely 
knit and integrated whole. Damage to any part of the nervous system 
disturbs its smoothness of working, and until compensation has been estab¬ 
lished, the functional failure is more severe than can be accounted for by the 
anatomical lesion. We have already noted that immediately after an acute 
lesion of the internal capsule in man, |)roduciiig hemiplegia, reflex spinal 
activities in the paralysed limbs remain in abeyance for some time, c.r/, tone 
is lost, and the, r(*flexes an^ absent (p. 042). To this depression of function in 
distant f)arts of the nervous system the 1/erm diaschisis (Monakow ) is applied. 

Stage of Reflex Activity.—As the stage of shock passes off, functional 
activity returns first in smooth muscle. The sphincter vesicas (if affected at 
all) recovers very soon, but the detrusor of the bladder regains its powers 
more slowly. The consequent retention of urine must be dealt with by 
catheterization. Tone next returns to the hitherto paralysed blood vessels, 
as the connector cells in the cord begin to act independently of the vaso¬ 
motor centrt*. The blood pressure is thus restored to about, its normal level. 
The isolated segments of th(f cord can also mediate as centres for vasomotor 
reflexes. 

1 . Muscle Tone. -Tone in skeletal muscle returns after two or three 
weeks. The flexor muscles of the lower limbs now become less flabby and 
oiler some resistance to the fingers. This rt^turning tone is, of course, reflex 
ill character and is produced by inifiulses tmtering the cord from the muscles. 
It is worth noting tJiat iRolH.t o.d enrd f avours '' the flexor neurones and 
y^uscl es. and this ifact will make clear many of the findings ; thu s the extensor 
^ muscles remain flabby for a much longer period and never attain the sani e 
megr^ of tone as the tlexors . All the, imiscles, however, are hypotonic, even 
tfie flexors themselves because the stretch reflexes (which are mainly res- 
jionsible for muscle tone) are feeble when mediated by the spinal cord alone 
especially in man, and need reinforcement from the brain stem centres 
(cf. ]). 583). The limbs tend to adopt a position of slight flexion, and the 

^ paralysis is tlierefore referred to as j)araple(jia in flexion ; the posture is feebly 
maintained, and the limbs cannot support the body weight. Unless some 
intcrcurrent disease is present, the muscles undergo no w'asting, because, 
though paralysed for voluntary movements, they are in constant reflex 
activity. 

2. Reflex Movements.—Sjiontaneous involuntary flexor movements of 
the limbs occur. The small toes are separated and raised; the anterior 
tibials, the hamstrings, recti abdominis, and adductors of the thigh can be 
felt to harden, but their load is initially too great and they fail to move the 
limbs. Contraction of these flexor groups of muscles is accompanied by 
reciprocal inhibition of the extensor muscles of the limbs. 
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(1) Flexor Reflex. —The rellex luovemeut that returns first is the flexor 
reflex. To elicit this rellex a nocuous stimulus is necessary, i.e. one which 
tends to injure the part and which causes pain in the intact organism. The 
rellex is obtained most easily by stimulating the skin or deep structures of the 
sole of the foot, but the maximum receptive field is much wider than this, so 
that when the cord has recovered, stimulation of the leg as high as the groin 
or perineum is effective. From the latter regions a stronger stimulus is 
necessary, and the response is less constant in its appearance. The movement 
consists of dorsijlexion (“ upward movement ”) of the big foe ^ and abdvetion 
of the other toes ; these reflex toe movements constitute the Babinskl response 
(p. 045); as the rellex spreads there is dorsillexion of the foot, flexion of the 
knee and hip, and abduction of the thigh. The antagonistic muscles are 
inhibited. 

The ^exor reflex is a withdrawal or defence reflex which removes the limb 
Trom an injurious agency. All the muscles which are contracted in the flexor 
TCflex are called physiological flexors ; the antagonists (which contract in 
the extensor thrust or the crossed extensor reflex (p. 537)) are y)hysiological 
extensors. It should particularly be noted that the r/om-llexors of the ankle 
are the physiological flexors in that region. 

The normal plantar reflex in man in response to stimulation of the 3 ole 
of the foot consists of a downward movement, i.e. plantar flexion of the toes ; 
it only appears with the development of the j)yramidal tracts and replaces 
the more primitive rellex.*^ In the normal plantar rt*flex the tensor fascite 
femoris contracts ; in the abnormal Rabinski responses the hamstring muscles 
generally harden. In spinal animals the flexor reflex often spreads to involve 
the extensor muscles of the o])j)osite limb (the crossed extensor reflex). In 
man this does not usually occur. The reflex is either limited to the same 
limb or produces flexion of the opy)Osite limb. 

(2) MavSS Keflex. —In some cases a very wid(\sj>read reaction is readily 
elicited by scratching any point on the lower limbs or the anterior al)dominal 
wall below the level of the lesion. The response obtained consists of : 

(i) Flexor spasms of both lower extremities and contraction of the anterior 
abdominal wall. 

(ii) Evacuation of the bladder even when its contents may only be half 
the amount which must normally be present before rctlex emptying occurs ; 
this may be partly due to the abdominal comi)ression raising intravesical 
y)ressure to threshold level (p. 772). 

(iii) Profuse sweating below the level of the lesion. To understand the 
distribution of the sweating, it must be remembered that the sweat fibres to 
the head and neck arise from Thl, 2, and those to the arm from Th5~9. With 
a lesion at the level of Thl, the whole body sweats when the mass reflex is 
obtained, as all the sympathetic fibres leave the cord below the level of the 
lesion. 

^ The other toes may sometimes plantar flex. 

2 Following pyramidal tract lesions the normal plantar reflex is abolished and replaced 
by a “ fractionated ” flexor reflex—the Babinski respon-se. In some cases the reflex can 
be elicited from upper parts of the receptive field, e,g. by jiinching the calf muscles (Gordon's 
reflex) or firmly stroking the front of the tibia (Oppetihoim’s reflex). The Babinski response 
is the normal finding in new-born infants and may persist during the whole of the first 
year of life ; tl^ may perhaps be related to the supposed non-functioning of the pyramidal 
tracts at this time. 
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occurs, failure of reflex function develops. Tin*, refle.xes become increasingly 
diflicult to elicit; the receptive fields become narrowed down to the optimum 
areas from which the reflexes can be obtained. The mass reflex disappears. 
The threshold for all reflexes is raised, and fewer groups of muscles are involved 
in the motor responses. The muscles waste and b(K‘onie flaccid, and l)ed-sores 
develop, which still further lower the general state of the patient. Cystitis 
commonly develops, and with each recurring attack the bladder diminishes in 
size and evacuates itscdf more irregularly and less corn})lctely ; finally the 
sphincter vesicse becomes relaxed and the urine dribbles away. 

Incomplete Trans-section of the Spinal Cord.— Jf the spinal cord is 
gravely injured, but does not suffer complete division, a state of spinal shock 
(levelops identical with that already described. VVJien the stage of reflex 
activity returns, certain striking diflerences i^resent themselves. To under¬ 
stand these, it must bo remember(?d that in cases of incomplete trans-section 
some of the descending fibres, in the vtuitrolateral columns of the cord 
(especially the vestibulospinal and reticulospinal tracts) may have escaped 
injury and so smne connections persist hetween the brain stem anti spinal cord. 
As we saw in our studies of decerebrate rigidity (in wdiich the pons and 
rmedulla j. re left in control of the musculature), tliese lev(ils of the brain stem 
j mainly mnforce the activity of the extensor neuron es. VVe,, therefun', fin^in 
thgse cases tliat recov^y of functional activity is inost mark(>d in the extenso r 
t groups of muscles .^ Thougli a hard-and-fast distinction will be drawn here 
netwt^mi com|)lete and incomplete trans-section of tln^ spinal cord, it can be 
readily understood that many intermediate and transitional cases occur. 

*’ (1) ll ^FLipx Tonk returns to the extensor muscle s, and so the legs lie 

extvnde^rat hfp ami knee, with the toes pointing slightly downwards. The 
condition is therefore called pa raplejpa in extension . 

(2) Tnvoluntaky MovemExWs are relativelylnfre(|uent, but when thtjy 
occur involve an increase of extensor tone, producing downward movements 
of the feet and toes. 

(3) Reflex MovemExNts.-- (i) EMemsor Thrust Reflex (cf. p. biK)).—The 
reflex is elicited as follows : the lower limb is passively flexed and allowed 
to rest on the bed ; the patient's foot is then pn;ss(Ml up with tlie palm of 
the hand. Active contraction of the qua<lriGeps and posterior calf muscles 
(the physiological extensors) occurs, and the limb straightens out. This 
reflex is often absent when the cord is conjpletely divided in man. |In spinal 
animals the extensor thrust reflex is obtained (piite regularly, even aft(;r 
complete trans-section, as the spinal cord still retains a considerable degree* 
of control over the extensor arcs.] 

(ii) The flexor rejlex can be obtained by nocuous stimulation of the sole 
of the foot. The flexion movement, however, is small, and the receptive 
field only extends to the knee. It is usually accompanied by active and 
forcible extension of the opposite limb (crossed extensor r<*flex). 

> (iii) Gentle flexion of one limb produces extension of the opposite limb 
I (Phillipson’s reflex). The flexed limb then becomes extended and the 
opposite one flexed ; the responses alternate in each limb, producing a steppage 
movement. 

We see how the range of reflex response is greater now that more of the 

^ As pointed out on p. 693 in some cases of complete spinal trans-section in man, 
considerable extensor activity occurs. 
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nervous system is available. It is clear also that movements of locomotion 
can be carried out to some extent (reflexly) by the lower levels of the central 
nervous system. 

(iv) The extensor deep reflexes are slightly easier to elicit than normally. 
But the most striking feature of the knee-jerk is the prolonged period of 
relaxation which, as always, accompanies the heightened tonic activity in 
the quadriceps muscle (cf. Fig. 417, p. 643). 

Gradually increasing trans-section of the spinal cord may result from 
compression. A common sequence of events when pressure on the cord is 
produced by tumour is (i) hemisectitm of the cord, (ii) incomplele trans-section, 
(iii) complete trans-section, occurring in that order. We shall consider the 
outstanding features of these conditions briefly. 

Hemisection of the Spinal Cord (Brown-Sequard Syndrome). —The 
description of the syndrome is based entirely on the results of clinical 
observation, and it is customary to assume tacitly that the lesion is o^gradual 
development and not of acute onset. The principal phenomena may be 
classified in the following way : 

1. Ahovk the Level of the Lesion. —There are no abnormal signs, 
except possibly a zone of cutaneous hypera^sthesia in the skin area (on the 
same side) corresj>onding to the peripheral distribution of the dorsal nerve 
root which eiiti^rs the cord just above the level of the lesion. 

2 . At the Level of the Lesion.- -It is frequently not appreciated that 
the hsiim (clinically) usually involves several segments of the cord which have 
been compress(*d or damaged. All nervous elements lying in these segments, 
or entering or leaving them, may be affected. 

(1) Destruction of the ventral horn cells results in a lower motor neurone 
type of paralysis in the corresponding groups of muscles.^ The features of 
this tyjKi of paralysis must be carefully remembered, as the ventral horn cells 
may be daiiiage.d by many noxious agents, e,y. the virus of infantili; paralysis, 
the unknown agent which causes these cells to fall out one by one in pro¬ 
gressive nuiscular atrophy, compression of the cells by the distended cavities of 
syringomyelia, hamiorrhage within the substance of the cord (ha'matomyelia), 
or pressure of tumours from outside the cord. Division of the ventral nerve 
root or of the motor fibres in the peripheral nerves produces similar results. 

(1) There is complete loss of all movement in the affected muscles. 

(ii) The local reflexes are abolished, including reflex tone, and so the 
muscles are absolutely flaccid. 

(iii) The structural changes in the muscle fibres and end plates, the 
electrical changes and the occurrence of fibrillation are discussed on p. 505. 

(2) Involvement of the sympathetic connector nerve cells may cause 
vasomotor paralysis in the corresponding segments of the skin. 

(3) There is complete anaesthesia for all forms of sensation because the 
dorsal nerve roots are destroyed as they enter the cord. The loss of protective 
pain sensibility exposes the part to injuries which are unattended to, and so. 
whitlows or ulcers may develop. 

3. Below the Level op the Lesion. —(1) Sensory, —To understand the 
distribution of the sensory loss it must be remembered that the fibres trans¬ 
mitting impulses for conscious muscle sense ” and some touch fibres ascend 

^ Compare carefully the signs of the clinical upper motor neurone lesion as exemplified 
by hemiplegia (p. 642). 
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the dorsal columns of the same side, while the fibres for pain, temperature, 
and some of those for touch ascend the ventrolateral columns (spinothalamic 
tract) of the opposite side. Touch sensibility is therefore not lost on either 
side, but is blunted on both sides. Muscle sense is lost up to the level of th(‘ 
lesion on the same side. The upper limit of tlu^ ])ain and temperature loss 
on the opposite side does not correspond to the level of the lesion, b(H*.iiuse as 
we saw (p. 559), these fibres cross obliquely in tlie spinal cord. The level of 
the lesion will therefore be several segments higher in tin*, cord than would 
appear from the u])per level of pain loss. 

(2) Motor .—The motor phenomena are all on the side of the lesion, and 
we would expect them to be identical with those found in cases of complete 
trans-section of the cord. That is not the case, however. The explanation is 
probably this: the Brown-Sequard syndrome is a clinical syndrome, and it 
is very likely that in these cases all connections with the brain stem on 
the affected side have not been severed, and some vestibulospinal and reticulo¬ 
spinal fibres are still unscathed. The clinical picture is therefore like that 
seen in cases of incomplete trans-section of the cord : muscular paralysis, 
extension of the limb at knee and ankle, spasticity, exaggerated and tonic 
deep reflexes (knee- and ankle-jerk), ankle clonus, lost superficial reflexes, 
Babinski’s sign present. 

If the compression affects both sides more uniformly, we get paraplegia 
in extension, as already described (p. 694). The sensory loss first' affects 
dorsal column sensibility (sense of position and passive movement); later 
temperature, pain, and touch are impaired in that order. 

W]\en the trans-section becomes complete, j)arHplegia in flexion develops 
(p. 691) as all the descending tracts are now cut. If infection supervenes, 
all reflex activity in the isolated cord segments is lost, and complete flaccidity 
is found (cf. p. 693). 


The Brain Stem 

The brain stem inchide.s the medulla oblongata (s}>inal bulb), pons, and 
midbrain, and^’ontains many im])ortant structures closcdy packed together. 
In our studies of the ascMUiding and descending [)aths we have already noted 
many tracts traversing or reJaying in the brain stem. We shall In*re correlate 
these facts and endeavour to obtain a coherent idea of the anatomy and 
physiology of these very important regions of the brain. The study of the 
subject will be greatly facilitated by reference to the diagrams (h’igs. 438-444). 

A section through the lower ^ third of the medulla shows the decussation of 
the pyramidal tracts (Fig. 438). They pass from of 

' medulla through the base of t he ventral horn of grey matter, and come to 
li e inlihe lateral columns w h^'tliey llescenrIlTrm tllti spihaT cord. Tj^Tjbip 
of^^e vent^a^* tiornls thus cut off, and is seen as an isolated mass of grey 
matter'flateral nucleus) which soon- disappears. The dorsal columns are 
wider, and therefore push the dorsal horns of grey matter farther apart. 
The tip of the dorsal horn projects on the surface of the medulla as the 
tubercle of Rolando. In its vicinity is the des cending root and nucleus of 
H the fifth nerve , which we shall see in most of th^ections because it extends 

' Tn the description of the sections through the brain stem the term “ lower ” (below) 
is used in the sense of caudal ; “ upper ” (above) is equivalent to cephalad or cranial. 
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7 f rom the pon8_to the upper cervical region. The central canal of the spinal 
* cecils still situated centrally, but is now bepinninf? to pass nearer the dorsal 
surface. On the surface in the ventrolateral re gion, on each side, are the 
Tuhroapinal tract, the dorsal and ventral spinocerebellar trac ts (Fig. 3.S3, A), 
arid the spinothalamic tract fFig 355). 

A section at the level of the olivary body reveals these points (Fig. 439), 
The central canal is now approaching the dorsal surface of the medulla, 
and is about to open out at the calamus scriptorius into the fourth ventricle. 
The dorsal columns have been r(»f>laced by masses of grey matter—the 
funiculus gracilis ends in the nucleus gracilis , and the funiculus cuneatus in 

[ the nucleus— cmiy^a tus. ^ 

From the small cells Fun.Grac. 

constituting these nuclei N.Grac. . 
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LatNuc. 


i tJie nucleus—culU^tus. 

From the small cells Fun.Grac. 

constituting these nuclei N.Grac. n. 

a new relay of fibres Pyn. Cun. - ‘ | f 

arises. These take several m 

courses: the majority pass ^ ^ 

forwards to ^ross the \ I 

middle lin e (internal 

arcuate fibres), and come ' "" 

to lie dorsal to the k *%f’^%** 

pyramid as^the medial K n. y 

lemniscu s. Some^^JUares Q.Sp.C.4A 

pass to th e restiform IJ 

body (inferior ccrcb^aT V\ 

peduncle^ of both sides v.ap.u.n \ ^ I 

(Fig. 383, A). W tey 

In the floor of the \ \ 

fourth ventricle at the Sp.Thal.^O 

level of the calamus l] 

scriptorius and in close n?"!r 11 

relation to the dorsal ^ ’ J V 

nucleus of the vagus are ^ 

situated certa in import- l^Vs.-l.'lS. Sorti<»n through Medulla at Levari of Decussation 
ant centres, i,P, cardiac Pyramids (Diagramiuntic). 

(p *^701 VaSOfHOtor Orar., Fun. Cim.^- Fiinirulus gracilis ami ciinimtus ; X.Gr.'m., 

;1 ' ^ , 11 V N.C'iin.-Nurlcus Rranilia, Nucleus cuneatus; V.- Descending 

(p. 303), VOmitlliy (p. oil), root of tlftli nerve; C.t^- Central canal; Tyr.- Pyramidal tract : 

JiTul eenfrevi U.P.T. -Crossed pyruml<lal tract; D.Sp.t’., V.Si).(^. —Dorsal and 

atgiUllllon ct-lltri.s ventral spinoeerehellar tracts; Sp-Thal.-Siiinotlialaiuie tract; 

| (p. 805). '^ riie resmralory Lat. nue. - Lateral nucleus. 

centres lie in the reticular 

tbrmation of the ijons and medulla (]). 384). 

TLe oiwe, which Is seen dorsal to the pyramid, consists of a wavy layer of 
grey matter. Fibres pass to the restiform bodies on both sides. Nothing is 
I known nbnnt tlw » functions of the olivo ; i t^givea_rise to a descending trac t, 

cord’ill the ventral root zone. 


The only change to note m tluToilier tracts is that the fibres ottouch in 
the syiinothalamic tract now migrate medially to lie just dorsolaterally to the 
medial lemniscus, while the fibres carrying pain and temperature remain 
lateral to the olive (see Fig. 355). 

The nuclei of the twelfth, eleventh, tenth, ninth, and seventh cranial 
nerves may conveniently be described here. 


Q.Sp.C.| 


V.Sp.C.Y> 


Sp.Thal.^^ 


1^"kj. -I.'IS. Sortiou through Medulla at Lev'el of Decussation 
of Pyramids (Diagramiuniic). 

Fun. (Srac., Fun. Funiculus Kracilis mid ciiueiitus ; N.Grac., 

N.C'iin.--Nucleus Rracilis, Nucleus cuneatus ; V. - Dcseendinp 
root of liftli nerve; G.(\- Central canal; Pyr. - Pyramidal tract: 
G.P.'f.--Crossed pyrumlilal tract; D.Sp.t’., V.Si).('. —Dorsal and 
ventral spinoeereheUar Iraets; Sp-Thal.-Siiinotlialamie tract; 
Lat. nue. --Lateral nucleus. 
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(I 


Olivo- 

Cereb. 


XII .—The nucleus of the Iiypoglossal nerve e xtends through the low e^ 
two-thirds of the medul la. It first lies ventrolater^ to the central canal 
and when the fourth ventricle ap^ieara, it lies in its floor, close to the middh 
line. The hyjioglossal nerve fibres pass out veiitrally between the olive aiu 
pyramid. 

If the hypoglossal nerve is stimulated, the tip of the tongue is pushed ove 
to the opposite side. Conversely, if the twelfth nerve is paralysed, the tongu* 
when projected deviates to the same side (by the unopposed action of thi 
other nerve). The affected side of the tongue shows the ordinary signs o 

^ a lower motor neurom 

‘ * fiaralysis- great w.astiiijf 

of tli<» muscle fibres anc 
consecpient wrinkling o 
the niucoiis membrane 
and fibrillation (cf. p.505) 
XL —The nucleus o 
origin of the sj>inal pan 
of this nerve consists o 
cells lying in the latera 
p art of the ventral hon 
of grey matter in Cl-5 
rhe nbres pass clorsafFi 
and then liend outwarch 
to emerge at the side o 
tlie cord and medulla as 
hit era! roots. Thes€^ con 
tain hirge »nediiliahf»( 
_ ^ffertiii t (and soin* 
afferent) fibres for th< 
supply of the stern o 
mastoid and trapezius 
(The bulbar part of th« 
nucleus (sliown in Fig 
439) is best regarded ai 
part of tlic vagus nucleus. 

X. - - 'I’he affereir 
fibres of the vagus a.ris< 
in the jugular an d nod os< 
ganglia from unTpbla 
cells and convey impulses from somatic and visceral structures (p. 712) 
.Some fibres‘ascend to end in the dorsal nucleus, which lies in the floor o 
(the fourth ventricle lateral to the hypoglossal nuSTeus ; other fibres descent 
to form the tractus solitarius a nd end in adjacent nerve cells (the -nucleus o 
the tractus). These two nuclei give rise to the autonomic (involuntary 
fibres of the vagus and also connect up with the nucleus ambigu us. 

I The nucleus ambiguus is the somatic (“ voluntary ^) motor nucleus o: 
lithe vagus, and lies ventrolateral to the dorsal nucleus. The fibres run firsi 
Udorsally and then curve round to emerge dorsal to the olive and supply sucl, 
istructures as the mucles of the larynx (see Fig. 440). 

/X. -The ninth [glossopharyngeal] nerve is arranged in exactly the same 


D.Sp.C. 

V.Sp.C 


Sp.Thal 



Med. Lem. 


OLIVE 


Fio. 439.- ■ Suction through Mudulla at Level of Olivary 
I Nucleus (i)iagranimatie). 

Int.Aro.f. — liitcrual urcuatr Hbrurt ; Mt'd.LciiL — iiJiHlial lemniscus; 
Olivo-Cerftb. ^Olivocerebellar fibres ; toueb fibres; 

XI, XU. - .Xuelei of eleventh and twelfth nerves; N.Orjie., 
N.Cun.=^Nucleus grueilia and cuiieatus; Tyr.^Pyramid : C.r.— 
(central eaiml ; V. — DeseendinK root and nucleus of filth nervt;; 
D.Sp.C., V.Sp.C,--Dorsal and ventral .spiuocorehellar tracts; 
Sp.Thal.-- Spinothalamie tract. 
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way as the tenth. The afferent fibres have their cell bodies in the n. etro^l 
ganglion. They end in nuclei which form the upward continuation of the 
jnrsa] of tlie tenth (ascending fibres) and of the t ractus solitariu s 

(f^^HCfmding The motor nucleus wliich supplies the pharynx is in line 

wi th the n uch;u8 ambigu us! The autonomic fibres arise in the dorsal nucleus 
(cl. pryiri). ^ 

VII ,—Though the seventh [facial] nucleus is situated in the lower pons, 
it must b(i consider(»d here because the arrangement is like that already 
described, 'fhe afi'erent fibres have o.fA\ bndi^a in thi* gc^riiculate ganglion 
and pass in the nervus int(>rmedius to end in nuclei in line with the dorsa l 
nuchius of the ninth and tenth and the fasciculus solitanus ~ The autoiioiruc; 
fihres arist* in the dorsal nucleus (ct. ]). ^I4). The motc^ nucleus is in line 
wjtli the nucleus ainl)i guus. The fi bres run dnrsally and form a loop round 

I t he sixtli iKM-ve nueJiuisliiid tln m 
turn ve.ii trally and laterally.^ 
tn"' 1 esions^f the pyraniidal 
tract. {.sifpravmlear lesion) 
voluntary m(>V(unents in the face 
are lost, but emotional move¬ 
ments (frowning, smiling) are 
retained because of the sej)arat(? 
motor ])at]iway for emotional 
exteriorization (p. 642). If the 
seventh nerve is injured in any 
part of its course (inj'ran uelear 
lesion) all types of movements 
of^ie face are equally affected. 

may summarize thes{‘ 

< 1 acts thus : 

(i) The motor somatic nucleus 
of XII, is a column of cells lying 
near the middle line. 

(ii) The afferent fibres of VI1., 

IX., and X. divide into : 

(a) Ascending fibres which end in a column of cells lying lateral to thi! 
nucleus of XII.—column of dorsal nuclei of VTT., IX., and X. 

(h) D(*scending fibres which end in grey matter lying just lateral to the 
column of dorsal nuclei--=/fm:«ca (IroAtiis) traetus solitarius^ and its nucleus, 

(iii) The autonomic efferent fibres of VII., TX., and X. arise in the column 
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Diagram of Mode of Origin of Tenth 
and Tw(‘]rth Nerves. 

I).,\.X. -Dorsal imi-loiis X. ; F.S. - Fasciculus solitarius; 
Ctui. Cell -- Coiint'ctor cell whicii jilves rise to 
BUtonoriiic fibres in vacrus; X.Aiiib. — .NikJimis ain- 
biguus which gives rise to somatic: fibres of vagus. 


of dorsal nuclei. 

(iv) The somatic, efferent fibres of VIJ., IX., X., and XI. arise from a 
column of cells which extend from the lower border of the pons to C5, and 
are situated lateral and ventral to the column of dorsal nuclei. 

A section at the junction of pons and medulla shows the restiforin body 
and the entrance of the eighth nerve (Fig. 441). 

The central connections of the eighth nerve are fully given on pp. 572 and 
597 . In Fig. 447 the cochlear division is seen to pass dorsal to the restiform 


^ It is stated that the fibres supplying the orbiciffaris oris arise in the twelfth nucleus, 
and those to the orbicularis palpebrarum in the third nucleus, and are merely conveyed 
by the facial nerve. 
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THE PONS 


body iiiid the vestibular division ventral. The ventral cochlear nucleus lies 
between the two divisions of the nerve, and the dorsal nucleus on the dorso¬ 
lateral aspect of the restiforni body. Prom the latter the stria? acoustica> cross 
in the floor of the fourth ventricle, and Iroin the former the trapezoid body 
traverses the substance of the pons. The two groups of fibn^s turn up as the 
lateral lemniscus which is lateral to the medial lemiiiscais. The vestibular 


division ends in the vestibular nuclei which form an important reflex ctmtre, co¬ 
ordinating the position of the (‘ves and limbs with that of the head and helping 
to maintain tone in the extensor or iintigravity muscles : when these nuchd 

are d(*stroved tlecerebrate 


StricB Acoust. 
Dors.Nuc 


Vent.N 


Med.L. 

Bund. 


Cochlear 





disappears 


rigidity 
(p. 585).‘ 

Other features are : 

(1) The pyramidal 
tracts beginning to break 
up into bundles. 

(2) The medial 
lemniscus, which is now 
joined by the spino¬ 
thalamic tract conveying 
the fibres for pain, 
temperature, and touch 
(Fig. 355). 

(3) The restiforrn body 
(Fig. 383, A; p. 606). 

The Pons. — The 
appearance of th(i pons is 
modified by the presence 
of numerous transversely 
crossing bundles of the 
brachium pontis [middle 
yK*d uncle of tin? cere¬ 
bellum | which are running 

Striiu Acoust.— Stria; acoiisticje; Dors.Xuc., Vcut.X. - Dorsa! aiul from the pOIlS to tllC 
ventral coclikar nucleus; Coclilcur^-Cochlear division of Vlll ; 

Vest.-Vestibular division; I). DeiU;rs’ IJateral vesti»Milar| OppOSlW, CCrt OeUdr IlCmiS- 
nueleus ; ^l.L.- Medial lemniscus L.L, —Lateral leinniseiis ; T)here and vic(‘ VCrsa 
Trap. —Trapezoid Ixxly: Med.L.Uuiid.-Medial lonuitudiual mi i i xi 

hundle ; A'ue.Pont. — Xuelci puiiti.s ; Pyr.— pyramidal tract; J fiese oreaK Up tyiie 
\ II-“Dorsal niieleiis of \ II ; |{i*st. hody =-Ki'stiforiii hocly ; ■nvmmid'il t'rnf't' ifitri 

V - Descending root uinl nueleu.s of Vth. pyramiuai rrdCr “ITO 

scattered groups of fibres, 

betwreen which lie small masses of grey matter, the nuclei pontis. The 
medial lemniscus is now joined by central fibres from the sensory cranial 
nuclei c.g, X, IX, VIT, V (Fig. 355). 


Fig 


441.— Section through the T^ower Pons 
(Diagraminatio). 

Dors.Xuc., Vcut.X. 


At the upper border of the pons, the ftuirth ventricle narrow's gradually 
into the aqueductus cerebri [Sylvii]. Above it on each side appear two mass4 
of longitudinally running filires, the brachia conjunctiva [superior cerebellar 
peduncles]. These arise mainly from the dentate nucleus of the cerebellum, 
and as they pass forward approach the middle line and decussate to reach 
the opposite side to end in the red nucleus and thalamus (Fig. 384). The 
ventral spinocerebellar tract turns over the lateral aspect of this peduncle 
to enter the vermis of the cerebellum (Fig. 442). 



THE MIDBRAIN 


The Midbrain 1 Mcisencepluiloii |.—The mid brain consists essentially of 
two structures : the superior and inferior colliculi dorsally, and the cerebral 
peduncles ventrally. Between them is the aqueductus cerebri [Sylvii] which 
is surrounded ventrally and laterally by the nuclei of origin of the oculomotor 
nerves (Figs. 4 13 and 444). 

The (M'rebral p(‘duncles are great masses, chielly of white matter, uniting 
the pons with the tljahirnic region of the cerebrum. They consist of three 
parts from ladbre backwards : 

(1) Basis Pki)UN(U7Li, containing fibres from tin; cerebral cortex to the 
pons and cord. The middle three-fifths are occujhed by the pyramidal 
tracts ; the medial om;- 

fifth by th e fron to [)ontine Qonj 

and corticonuclear fibres j I jt Motor Nuc.V 

(p. 031), and the lateral / \\t\i 

one-fifth by the temj)oro- / 

pontine fibres. / 

(2) S u u s T A N T 1 A j 4^ R Sp^ \)-Med. L.Bund. 

Nujiia: a mass of deeply / 

pigmented cells, the / // i 

function of which is j ^ /// - - -— _ - 

uncertain (p. 057). j /yVy 

(3) Tkgmextum : a ( //// 

n^gion wliere longitu- //// W _ 

diiially and transv(;rsely ^ r“^ "" ^ 

running fibres are inter- _ 

mingled in a complex ' V 

manner. TIiimm; decussa- ^ 

tions take place witliin .. 

it which from below \ -.--[ABrachpont. 


IV Vent. 


Sens.Nuc 

V 


-Med. L.Bund. 


^Med.Lem. 






Brach.pont. 


u{)wards are : 

(a) Of the brachia 

(Of p.»»). 

in) Of the ruim)- .vk 

. . ' ' , , Jir.u h.l onj. - Uijifuiuin ctoiijuiK tiviiiu ; \ ibrns of liltli irtvo ; 

Spinal tracts (cf. p. Ooh). IV Vent. Fourtli vriitricli; ; K.Sp.-^llubrosiiinjil tract: 

nr filii Mtfd.Lem. AUuliul Uanuismis: Irap. ^Trapiizoid body; 

U1 LUL U.CI-0- .Hod.L.Uund.- Medial limgltmlinal bmidlo : X.C. — Xiirli'i 

spinal tracts pouti!?; I’yr.--Pvraiuidiil tract; lira«;li. ])oiit. —nradiium 

Th<‘ liioi. "fuCLKUS 

extends from the hypotlialarniis to the caudal border of the siii)erior 
eolliciili (Fig. 444). It consists of two groups of cells : (i) a. magnoceUulayis — 
composing the caudal third of tlie nucleus and made up of large nerve 
cells which give rise to the rubrospinal tract; (ii) n. /)(/dTocc//?//ai /.s-—which 
consists of small cells forming the cranial two-thirds of the whole 
nuch‘us. In man, the large cells are f(*.w and the rubrospinal tract is small; 
most of the cells of the nucleus give rise to a rubroMwahir trad which ends 
in the reticular grey matter in the brain stem from which reticulospinal fibres 
transmit the impulses to the spinal cord (p. 593). By means of its afferents 
from cerebellum, vestibule, and muscles, and its efferent rubrospinal and 
rubroreticular fibres, the red nucleus plays an important part in animals in 
helping to maintain normal body posture and normal muscle tone. It is 
the centre for the righting reflexes (Fig. 373) by means of which the body is 
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RETICULAR FORMATION 


II 


restored to its original position after it has been displaced from it. In aiiimiilsj 
decerebrate rigidity results from a midcollicular trans-section of the brain 
stem (p. 583). 

The descending pathway from the hypothalamus concerued with (Miiotional 
' exteriorization lies in the tegmentum medial to the red nucleus (p. 660). Tlie 
il lateral lemniscus passes doraally to end in the inferior colliiuil i. 

The infenor collieuliJWxg. 413) were dealt with in disciussiiig tht* auditory 
path (p. 572). TJk^ superior colliculi require further consi deration. Tlu\y 
are an important centre for visual reflexe s. By means of the tectospiiuir 
tract they reflexly alter the position of the eyes, head, trunk, and limbs in 

response to retinal impulses. 
Coilicuhnuclear jihres pass to the 
third nerve nucleus to cause 
constriction of the pupil during 
the light reflex (p. 578). The 
tectospinal tract connects the 
superior colliculi with tlu^ pupil- 
dilator centre in the thoracic 
cord (Till and 2) (p. 708). 

JiETiorL.vK Fohmattox. This 
found dorsal t o the pyramid al 


Inf.Coll. 


Lat.L 


-<Aq.SyL 
— N.HLIV: 

Med.L.Bund. 



IS 


tracts in the 
aucT 


m tKe 
mid brain. It" 


and medu lla 
tegmentum /iT^he 


pons 


consists ol small 
islands of grey matter int(‘rspersed 
wuth line bundles of nerve libn‘s 
lying in the spaces between the 
large fibre tracts and nuclei. The 
functions of the reticular forma¬ 
tion have been elucidated to a 
considerable extent. The 
resjnrafori/ centres lie in the 
reticular formation in the ujiper 
pons (jnwumolaxic centre) and 
in the upper half of the medulla 
{ins'pirafort/ and expiratory 
centres) (p. 384). Keticulospinal 
fibres connect the brain stem 
with the spinal motor neurones; these paths are both foGilitatory 
and inhibitory and serve to transmit impulses from the cerebral 
cortex, basal ganglia, and hypothalamus to the spinal cord (p. 623, 
p. 629). 

We can now complete our study of the cranial nuclei. 

F. [Trigeminal nerve.] — The efferent fibres arise from tin? 
motor nucleus lying at the side of the grey matter bounding the 
aqueductus cerebri and fourth ventricle in the lower midbrain and upper 
ponslF ig. 442). 

The afferent fibres are derived from the semilunar [Gasserian] ganglion 
and end in a mass of grey matter lying lateral to the motor nuchms—the 
principal sensory nucleus. Long descending fibres are given off which end 


Fk;. 443. —iSoction through Midbrain at 
of ( 'olliculi (Diagrammutii*). 

Inf.Coll.-“Inferior C’oniculi; Lat..n. ]..aterAl lemnincus; 
M.L.-^Medial lomiiisniK ; Aq.Syl. AqueductUA 
cerebri [Sylviij; Med.L.Uund.>»Medial longitudinal 
bundle ; IJr.C. == Hrucliia conjunctiva ; N.I ll.IV._ 
Nuclei of third and fourth nerves; Siib.Nig. - 
SubsUiiitia iiigr.i; T.C., J'M’.^^'J’einporopontino, 

froutojKMitliu: llbn-.h ; I’yr.—Cryaiiiidal tract. 
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round adjacent grey matter.^ This column of cells and fibres —descenditig 
root [ spinal tract] of the fifth nerve, descends to the upper cervical region of 
the cord. From these sensory nuclei a new relay of fibres passes across the 
middle line to join the medial fillet (p. 563). 

Oculomotor Niku.ki.—T hough we speak of the nuclei of the third 
[oculomotor], fourth [trochlear], and sixth [abducens] nerves as if tliey 
were isolated structures, it is important to realize that t hey simply co n¬ 


stitute one loniz column of grey matter controlling the movements of t he 
eyes.^ This column extends from the uT)^*r part o| the mid brain surroimdi ng 
tthe^ntral and lateral part of the aqimduciua cer ebri /III., IV.). down to th e 
[ ^per part ot the pons in the floor of the fourth ventricle (VI.). The fibres 
ofthe third nerve take^ a curved course in the tegmentum to emerge on the 



Fig. 444.—Spftinn through llic Muibrain at the J^ovcl of the Superior ('ollioiili 
(Diagraniinatie). 

Sup.CoJI. -.Superior Colliculi ; C0II..N. C'uliiculuuuclear llbres ; Sy. /\<iuc(lut’tu.s aTOhri ISylviiJ; Med. 
(tcii., Lat.Oeii.--^-Medial and lateral i^eiticulaU; bodies; NMlI.-^Nindeus of third nerve; O.Tr.^-- 
tract; Med. L. Bund.--Medial loniritudiaal bundle; R.N.'---Bed niieleus; M.L.^-^ Medial 
lemniscus: T.P. ^^TcrnporojionUne; l*yr. — Pyramidal tract; F.P. Prontopontine; Cort.N.-^ 
Corticonuclear fibres. 


medial side of the crus (Fig. 114). The fourth nerves d(?cussate in the roof of 
the aqueductus cerebri. The sixth nerve passes between the pyramid bundle s 
±0 emerge at the lower margin of the pons . Two physiological points must 
ISb emphasized: 

(1) There are numerous afferent fibres in the oculomotor nerves carrying 
proprioceptive impulses from the external eye muscles. These serve to maintain 
reflex posture in the muscles, and enable tfie delicate adjustment of gaze 
during waking hours to be brought about. T he cell bodies for tht^ae afferent tl 
f ibres lie on the trunks of the oculomotor nerves . 

(2) ^lie oculomotor column on each side controls synergic eye muscles 

1 Note how the following sensory cranial nerves, V., vestibular division of VIII., IX., 

and X., end in a principal sensory nucleus and give rise to descending fibres which end 
ill iidjaceMit grey matter. 
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on both sides (cf. p. 637). A lesion of the column resii|t;s^ not in paralysis of an 
i ndividual muscle , b ut in loss ol a movement in both eves ! Enuincrating from 
before backwards (cranio-caudally), the movements of the eyel)alls are con¬ 
trolled by the column thus : (1) pupil-reaction , (2) accommodation (ciliary 
muscle) ; (3) upward movements ; (4) downward movements ; (5) lateral 
movements of both eyes (cf. Fig. 115). 

Local Lesions of the Brain Stem. -Owijig to tlie small size of the l)rain 
stem, the symptoms are frequently bilateral from a central lesion involving 
both sides. The points to bear in mind are the origins of the cranial nuclei, 
the long tracts both motor and sensory, and the cerebellar connections. 
The long paths to and from the trunk and limbs decussate in the medulla ; 
tliose connected with thti face cross in the upper pons. Crossed jtarahjsis and 
crossed anasthesui are very liable to occur. In tlie upper ])ons a h‘sion may 
injure the sensory fibres of the fifth, proilucing amestlu'sia of the saine side 
of the face, and also involve the medial lemniscus with consequent anaesthesia 
over the opposite half of the body. Similarly, a hjsion may destroy the fibres 
of the facial nerve, giving a lower motor neuione })aralysis of the face, and 
also involve the adjacent pyramidal tract, producing an upper motor neurone 
paralysis of the o})posite side of the body. Involvement of the cerebellar 
connections produces a varying degree of ataxy and other channiteristic signs. 

To aurnmaiize: the sympioms will be a varying combination of paralysis i 
(of both spastic and flaccid type), ansesthesia, and ataxy. The dilator fibres 
from the midbrain to the thoracic cord (p. 708) must also be borne in mind.j 
Injury to the brain stem may result in small pupils from cuttiiig olf thef' 
tonic dilator impulses. 

The anatomy and physiology of the Itpjtof/ialamns are discussed oji p. 716 
where full page rtderences are given. 


VI 

THE AUTONOMIC NERVOUS SYSTEM 

(lENEKAL AKRAXaEMENT AND FUNCTIONS * 

General Arrangement. —The study of the autonomic nervous system 
is considerably simplified if attention is first devoted to the broad j)rinci])les 
on which the system is constructed, lu a somatic. sj)inal refiex arc three 
neurones may be involve<l (see Fig. 445) : (i) The an'erent or receptor neurone 
(A) with its cell body in the dorsal root ganglion, (ii) An internnncial cell 
in the dorsal horn of grey matter whicli by itie.ans of its axon transmits the 
impulse to the ventral horn ; it might be called tin; comiecfor neurone (B). 
(iii) The vtmtral horn cell and its axon—^the excUor neurone (C) which trans¬ 
mits the eflerent impulses to skeletal muscle (cf. Fig. 325). 

in the nerve sup{)ly of the viscera three neurones can also be recognized 
(Fig. 415) : 

(i) There is an afferent neurone proceeding from an internal organ. The 
nutrient cell lies in the dorsal root ganglion (or its cranial equivalent), and 
a central process is sent into the grey matter. 

1 Gaskell, Involuntary Nervous iiystem, London, 19J6. J..ang1ey, Autonomic Nervous 
Systemf Cambridge, 1921. Kuntz, Autonomic Nervous System 3rd edn., 1946. White 
and Smithwiek, Autonomic Nervous System, 1942. Darrow, Physiol. Rev., 1943, 23, 1. 
Gollhorn, Autonomic Nervous Regulation, N.S'., 1943. 
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(ii) TJie coti/tf'cfor roll (Cci.skell) is situaliid in tlin dorsiil iiorn hut 
ill tin* udjaceiit gr(‘y iniitter, tiho oxjK.'t position dinerin;.^ in tin* various rcyrions 
of tin* norvous system. In the, tlioraeie region. Cor exainjile, the connector 
cells lie in the lateral |interin(‘dio-lateral| horn of^rrey m;itt(‘r. Tlu^ connector 
tilire must, of cours(‘, connect tlie afTerent neurone with the excilor mnirone 
whicdi actually sup[)lies a viscus. Jhit the excitf>r cells {ir(‘ not found within 
the central nervous system ; they liave mi^^rated outwiirds to form musses 
of cells situated |)erif)lierally. Tlie connector fibres must, tlierefori', also 
wander away from the centra] nervous system to reacdi those vagrant "i'f)up.s 
of exeitor cells. Tln^ (•(wnirior fibres histolo<j:ically are wrduflnfefJ or while 
fibres; func.tionally they are B fibres (]). '192); they are called by Langley 
pregang}iowic fil>n*.s, as they pass to a peripheral ganglion. 

(iii) The e:reilor cells, as already ('xplaim*.d. lie peri})h(‘rally either as 
ganglia, or as isolated groups of cells. From |.h<*.s<* cidls fibres arise which, 



Fio. 445. ' Gcricnil Arrangement of Autonomic Nervous System (on Right) (•onlniRtcil 
with that of Somatic NcrvtHJ.s System (on Left ). fAft(‘r Ranson.) 

A. I{. C Ain-nMit, cotUH'clor utid cxrilor inMircuifs of .'.omiitit* norvuii*. ‘JV'.lfm ; Vi-nt.li. ncrvi- 

root; M.Sp.N. - Mixed s|iiii;il iutv«-; l>otl.cd lin<- AMritnl visrond tihn- willi niilricrii ctdl iii d()r’;;il 
met t;:mizli(»n ; l,Ml.Unr?i ■ I„‘i1cr;il horn oh lmtv ui:at« r which tiiNcs lUc ti» r.r. ( DiiMcclor (|»r<‘- 
c;m)ilioni<‘) lihre wliicli passes in ventral root, ini\«-d spiii.al ii'*rvc. and \cntral rannis (\'cnt.l{jjm.) !(> 
end in Anton. Oanc. Antonoinic uanuliiin; K.T. I^xcitor (p»i>t;';ini'lioidc) lihn'ending in vi.sciis: 
Dorsal K(«it Dor.-Jal root t;anation. 

by devious routes, reach tlu' varit)us organs which they innervjiti‘. The ejreilar 
fibres are grey or nan-wed alia fed: tln^v art^ also called p<tsfgang} ionic fibn‘s (as 
they pass from a ganglion to a, viscus); functionally tluiv are C fibres (j). 192). 

By convention, the term autonomic nerviuis system is list'd to inclmh' 
onhj the ejjerenf nenrones sujtplying the viscera, i.e. the connector and ('xcitor 
neurones, using these terms in the sense just (ielined. The visceral afferent 
neurones are considered on pj). 492 e! seq. 

Connector cells are not jircseiit iniifonnly in all the st^giiK'Uts of tin*, 
nervous system, but in certain regions only, namely (Fig. 41()) : 

(1) In the hrain^ in connection with the nuclei of certain cranial nerves : 
i.e. III., VIL, IX., and X. 

(2) In the whole of the thoracic region, and in the first two lumbar 
segments of the spinal cord. 

(3) In the second and third sacral segments of the spinal cord. 

Connector fibres therefore leave the central nervous system from these regions 

23 
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Kiu. Mfi.—( Jciiural IMaii of AutoruRuir Xrrvcnis System. 


On Lt'ff : C'raniHl anfl .siifTal nutonomie Cparasyiii|)afhotic) .sysUan. 'I’hick liiirs from 
Ilf., VII., IX.. X., an»l S*J, :i an- pn't;;ui«Jlt»nin (vomi^'vinr} fllnM>s. .A. ciliary trauKlion ; 
II. .sp}icno|»ilatiru- ^raimlion : (*. siihinaxillary and Mublin^iial ; D, oti<‘ ^an^;- 

lion : K, vainis •■M-itor cell-* in nodes of heart; I*’, vaji:iis excitfn* cells in wall of bowel; 
O, sacral autonomic Kani;lion cells in pelvis; thin lines beyond ■ posi^unfilionic 
(exoitor) fibres to or^an.s. 

On right ; Syrrip.'ithctir* nervous aysteiri. Jlottcd line.s from Tl—12, LI, 2are preffanKlionh* 
fibres;" If, siiperuir cervicaT ({anKlion ; .1, inferior cervii*al and 1st thoracic naimlia 
(stelLate izanftlion) ; K, codiac and other alKloininal uanvdiatnntc. prcKanulionio fibres 
directly siipplyiip; the udreiuiJ medulla); L, lower abdciininal and )advic. syinputhetic 
Kangliu ; continuous lines beyond ^ postganglionic flbr(?s. 
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only, and constitute three great systen»s of outllowing fibres, which are termed 
the crania} (or hiilhjir), th(‘ thnracico-lambar, and sacral oufjlow respectively. 

'fhe aiitononijc nervous system may be usefully subdivided on the basis 
of tlie anatomical situation of the connector cells and fibres. Thus the 
connector cells in the brain, their axons in the cranial nerves specified, and 
their related excitor ruMirones constitute tin* cranial divisian of the system 
or tlie cranial autonomic. Tin* connector c(dls in the tlioracico-liimbar region, 
th(iir axons in the corres])onding ventral roots atnl in their subsequent 
ramifications and th(*ir excitor lUMirones constitute the sifmpathetic nerroas 
system. Tlie sacral conn(*ctor c(‘lls, their axons in the sacral ventral roots, 
and all their related excitor mniroiu's constitute th(‘ sarral autonomic {Fig. -l-lfi). 

We can therefore make this classification : 

Autonomic Nervous System— 

A. Cranial Autonomic. 

B. Sympathetic . 

C. Sacral Autonomic. 

Another classification can lx* nnuh^ froin a fuiK.'titmal standjioint. The 
cranial and sacral divisions have c(unpiem(‘ntarv jihysiological actions and 
form the parasympathetic system. When stimulated, th(‘ syin]>ath(jtic and 
parasympathetic nerves produce antagonistic effects on the organs which 
tliey })oth supply (c.y. heart, jnipil). Under natural conditions, however, the 
two systinns act syncryistically, i.e. they cooperate to achi(‘ve tlie desired 
end ; thus in the c.asi^ of IIh* heart an increase in rate is due (mainly) to 
decreased my us tone and (also) to increased sym pathetic lone. 

Some organs are, however, innervated by one division only (e.y, uterus, 
adrenal medulla, and most art(‘riol(‘s from the symjiafli(*ti('. only : glands 
of stornacii and [lancreas from the parasympatli(‘tic only). The excitor cells 
of the sympatlietic are. situated, as a. rule, at a distance from the organ 
innervated ; those of the parasympathetic^ arc usually in cIos(^ proximity 
to the organs (th(‘ sphenopalatine and the otic ganglion (p. 714) are, however, 
obvious exc(*ptions to the latter stateimmt). 

Sympathetic Nervous System.—In describing the anatomical details of 
the antonomie nervous system it is n(;cessarv to noti* the situation of the 
connector c(*lls, the path taken by th(» connector lihres, the position of 
the excitor cells, and the path of their libnvs. 

The connector cells of the sympathetic li(‘ in the lat(‘ral horn of grey 
matter in the thoracic region and in the corres])ondiug grey matter in the first 
and six’ond lumbar segments ; the connector fibres pass out in the ventral 
root corr(‘sponding to the segment from which they arise and then enter the 
mixed s|)inal nerv(\ The latter divides into a small dorsal and a large ventral 
ramus ; the connector fibre is continued in the vimtral ramus, but soon 
leav<?s it to foiin a branch which jiasses to the lateral sympathetic chain. 
This bramdi is the while ramus comnmnicans which passes to tlie ganglia of 
tlui sym})}itli(‘t,ie ; the white ramus is merely a ])ortion of the connector fibre. 
The conneidor fibre may end in a ganglion of the lateral sympathetic chain, 
or pass on to more distantly situated ganglia like those in tlie neck or 
abdomen. Tlu^ (excitor (or postyanylionic) fibres which arise fi-om these ganglia 
take various routes to tin; peripher}^ 

1. Head and Neck.—The connector cells are situated in the lateral 
horn of Thl and 2. The connector fibres pass out in the way just described 
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to tho lat(*nil .sympathetic cliaiii, and ))ro(*(*ed tliroujj;h tlie inrerior cervical 
traiiglioii and the cervical sympathetic trunk, to end in the superior cvrnt'al 
(jiuujlion, where the excitor cells are situated (Pie. 44(i, II). The ])ath of 
the connector tihres is common to all t in* .structun‘s in the h(‘ad and neck, 
hut the siil)se(|uent course* of the fibres varies wit h t he orean .su])pli(‘d. 

(1) Km*:,—T in* excitor (^rey) tihres to the <*ve proceed alom*: the coat of 

the internal carotid artery into the skull and enter the cavernou.s plexus (in 
the cavernous sinus). 'I’lieir furth(*r cour.se is not known with certainty, hut 
two alternative (or eom])h'm(‘ntary) routes are descrih(*(l : (i) in the syni- 

})athetic root of the ciliary i^anixlion. throu.irh the ‘j:an‘ilion its(*lf (without, of 
cours(‘, n'layinir iit it), and aloii^ the short ciliary iierves : (ii) on to the 
.semilunar ((Ja.s.serian) iraniiliori, the ophthalmic division of the fifth cranial 
mu’ve, its nasociliary hiauch, and finally in the long ciliary nerv(*s to the eye. 

The structures in the eye supplied hy tin* ,syinpath(*tic are ; (i) dilofor 
pnpilJtr muscle ; (ii) smooth muscle hlues in the iipp(‘r and lower lids called 
respcMitively the superior and iujerior tarsal muscles which retract tin* upper 
and lower lids ; (iii) smooth muscle fibres of the retro-ocular muscle of Muller 
which lies in the orl)ital fascia and which pushes the globe forwuird ; in man 
Midler's muscle is vestigial and functionless ; (iv) hlood ressds. 

Effects oti Eife of Slim ulaf Ion of Cervical Stjui palhet le} —\i\ all species the 
])U])il is dilat(‘d ami the lids are retracted producing widening of the pjdpel>r’al 
fi.ssure and a staring '' gaze. In man the major elfect is on the upper lid, 
hut the lower Ihl also ]>articij)ates. The effect on the j>osition of the globe, 
is more variable. In a.na‘.sthetized dogs, for example. sym})athetic stimulation 
causes the globe to movc^ forwards l)y .o mm. (csop/dfiaimos, pro ptosis) ; but 
this merely jvj)n*.s<‘nt.s a re.stitution of the e.riopJdhahiios (sinking in c)f tin* 
globe) produced by the ana‘.*^thelic. In amesthetized man stimulation of tin* 
cervical .symj)a.thetic at operatioiKs |>roduces no measurahle e-\ophthalijn.)s. 
It must 1)0 remembeued tliat wid^ming of tin; palpebral fi.ssure giv(‘.s an 
illusion of exophthalmos ; likewi.se jia.rrowing of the fi.ssure gives an a,ppear- 
a,nce of (*nopht halmos (cf. p. I»b2). The. blood ve.ssels arc*, constric;tc‘d. 

Effects nil Ei/e of Section of Cervical Sifin patliefic {IJorner's St/nd none). 
The j)Upil constricts owijig to the. unoj)]>osc‘d action of tin* fibres of tin*, 
sphincter j)Upilla* which are supplied by tin; third nervt* ; tin; paljcebral 
fissure is narrowed ?nainly owing to clrooping {jftosis) of the upj>c;r lid 
(“ sleepy lid "). but there is also some elevation of the* hover lid. Then; is 
an illusion (»f eno|>lithalmos in man, but in.strunn*nta.lly no clninge in tin* 
})osition of tin* globe can be* dc;t<*cte.d. '^I’he pto.sc‘d lid lifts as w(*.ll as normally 
during staring showing t hat its .smooth mu.scle fibres arc* not usc*d in voluntary 
movejiients of tin; up[)er lid. The blood vessels are dilated. 

There i.s a cc*ntre, .situated in the .superior collicuili, for tin* control of tin*, 
.symjcatljcuic fibres to tin; (*y(;. StimulatioJi of the; appropria,tc; rc;gion lea.ds 
to dilatation of the; j)Uf>il. The j>ath competing this midbrain centre with 
the conncicrtor cells in tin; thoracic cord i.s the; tectospinal trad (p. 702). 
Disturbance; of the .sym])athe;tic innervation of the; e;ye may thins r(;sult from 
a lesion in tin* bra,in ste;m, the cervical or uppe;r thoracic cord, the upper 
chest, the ne*ck, the interior of the skull or the orbit. 

(2) Skin Stki;(.tukk.s.—F e^r tin; cutarn^ous strue*ture;.s of t.he head and 
ne<:h\ excitor fibres pa.ss from the superior cervi<;al ganglion to the; four ujiper 

^ Pochiii, Clin. Sri., lltSO, 7, 71). 
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(‘(M viral iH^i vos, and phkkmmI aloiiir th(Mr cutaneous ])raiiolie.s to reaeii llie skin. 
The skin of* the. /‘r/rr is supplied l>y (jxeitor fil)r(!S whieli run in the. advcuitit ia. of 
tlie external carotid artery aiul its ]u’anch(‘s. Tlie. various fflartds of this 
n^j^ion also ^et tln^ir syrn])ath(iti{; siif)ply via the blood vessels. This applies to 
the hnccal, parotid, sahliHfpjal, snhmaxillanf, and hadtrynad which thus 

1 ‘eceive vasoconstri(*tor 1il)r(^s (and in some sf)(*.ci(*s secretory fibres too). 

Th(‘ skin structures (all over the. body) supplied by the synipathetic an? : 
(i) Sweat glands, with seenitory fibres ^ (p. 467). (ii) Smooth muscle : arn?ctores 
pili, i.e. niuscle fibres which erect the hairs and produce in man the appciarance 
known as goose-skin; the smooth muscle round the orifices of the body, such as 
the anus and vacina; the retractor penis muscle. Motor impulses arc sent to all 
of them, (iii) Blood ve.<isels ; the cutaneous arterioles, veins, and the cafjillaries 
receive many vasoconstrictor fibres from the sympatluitic (p. ^103); some dilator 
fibres to the skin vessels luive also been demonstrated in the sympathetic nerves. 

(3) The THY 10)10 r(‘.ceiv^es postganglionic fibn?s from Ihe iniddh^ (.‘(‘rv'ical 
ga.nglion ; t hey may coni.rol to a minor extent thyroid S(?cretorv activity (p. hS2). 

(1) Idle CKKKnKAL VKSSKOS re.taiivc constri<*tor n})r(‘S from the. sympathetic? 
along the coats of the internal carotid and vertebral a-rt(‘ri(‘s (p. 306). 

2. Thoracic Viscera. —The conn(‘ctor cells lie in the third and fourth 
thoracic segments of the cord. Tin; connector fil>r(‘S in aidmals f)ass to the 
st(dlate ganglion ^ ; in man th(?y end in all thn ‘0 ganglia of tin? cervical 
symj)ath(d.ic. The excitor fibres pass from these in tlie c.ardiac branch(?s of 
tiie sympathetic to reach the heart. They incr(‘.as(; the force of contraction, 
the rate, conductivity, and excitability (p. 270). The bronchi are dilated by 
inhibition of the smooth muscle in their walls througli fibres having a similar 
course. The palmonary arteries are constricted (p. 307), and tlie coronary 
arteries dilated bv the sympathetic (|). 237). 

.3. Fore Limb. -Tin* connector cells li(‘ chiefly in Tho 9 (and sonad imes 
also in 3312-3) (]). 309). The connector fibres jiass to t he lateral sympathetic 
chain to end in l3i(‘ first and second thoracic? and inferior and middle cervical 
ganglia in man (Fig. 436, J). Tlie excitor fibres arise Inne and join tin* nerves 
of the brachial j>lexus (C5-33 j 1) constituting their symj»ath(*tic roots. 33ie 
excitor fibres reach the lind> via these s])inal nerves and are distributee! to 
tin? skin structun*s aln*ady named, to the large {irt(*ri(‘s ([). 30<S), to skeletal 
innscle vessels, but probably not to the skeletal mus(de fibres tln'inselves 
(p. 308). 

4. Hind Limb. —The connector cflfils lie in ThlO-12, LI, 2, chiefly in the 
lumbar segments. The connector fibres end in the lumbar and saijral ganglia 
of the sympathetic chain. The excitor fibres arise here and join the lumbo¬ 
sacral plexus, and are thus distributed to the lower limb, innervating the same 
structures as in the arm. 

5. Thoracic and Abdominal Parietes. —The arrangement in this case 
is (piite simple}. The connector fibres pass to the ganglia of the lateral sym¬ 
pathetic chain ; they end chiefly in the corresponding ganglia, but also 
spread up and down the chain to end in adjacent ganglia. Thus one connector 

^ 1'hongh the fibres to the sweeat glands are an atom i rally sy in path otic they are fune- 
tionally f'hoUnergir. 'riie response.^ of the sweat ghimis to adrenaline and various drugs 
are. eonsidered on p. 481. 

This r(?presents the fiiscMl first and second (horaeie sympatlietio gaiiglia. in animals. 
In man the; term stellate ganglit>n is used to describe the inff rior cervical imd first thoracic 
ganglia which an? frequently fused together. 
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fibre may stimulate exeitur cells in several ganglia. From each lateral sym- 
pathetic ganglion tlie exciter fibres pass back in ihe grey ramus cornmutnrans 
to tbe corresponding spinal nerve, and thus to the skin, so that the distribution 
of the exciter fibre's is strictly segmental in character. This is w(dl shown by 
Langh^y's studies on tin; ])ilo]notor fibres. »Stiimilation of a ventral root 
(containing the. connector fibn's) makes the hairs stand up over several 
segments of skin. On tlu* other hand, stiimilation of tln^ grey rami ((*xcitor 
fibres) alfects tin* haiis of tln' corresponding spinal segment only. 

(). Abdominal Structures.—The connector cells for the abdominal 
organs lie between 'J’hG and L2. The conntictor fibres reach the lateral 
sympathetic chain in the usual way via the white rami. They do not relay, 
however, in the ganglia of the lateral sympathetic chain, but continue through 
them and leave them as the splanchnic nerves, which arc therefore still 
connector or preganglionic fibres. The splanchnic nerves can be divided 
into two distinct groups : An uj)per group—^the great splanchnic nerves—con¬ 
nects with the ganglia in the upper abdomen, namely, the ccnliac (semilunar), 
superior mesenteric, renal, spermatic, and ovarian ganglia; a lower group, 
consisting of the lesser splanehnic nerves, ends, in animals, in the inferior 
mesentc.ric ganglia (Fig. 140, K, L). In man the arrangement is mor(‘ (•(>m]>lex. 
The lower coiiiu'ctor fibres form tlit‘ jncsacral nervf% whi(*h j)ass(*s to tin* hypo¬ 
gastric ganglia on the lat<‘ral walls of the rectum (Fig. oDb). Tin* u])|>er 
splanchiiics arise from Th6-12, and the lower splanchnics from 1 j 1, 2 chieily. 
From the groups of ganglia mentioned, grey excitor fibres arise which pass 
mainly along the big ai't(‘ries f.o supply the coats of the blood vessels them¬ 
selves and the orgaos which they reach. Thus excitor fibres run with the 
superior mesenteric artery tt) the small intestiiui and part of the large ijitestine ; 
with the renal artery to tin* kidney; and along the branches of ihe ccrdiac 
axis to the spleen and liver. The pelvic viscera -c.//. the bladder, the uterus, 
and the distal part of the large intestine—are innervated from the inferior 
mesenteric ganglia (animals), or hypogavstricj ganglia in man. 

(1) STOM.vcjf AND Jntestinks (Fig. 447). - Tilt* symj)atbetic. supplies the 
whole of the small and la.rg<; intestim^ and the relabel sphincters, i,e, th*^ 
ileocolic and the internal anal sphincters. The (*xtent of the sym])athetic. 
distribution to the stomach is not so precisely establisluMi. It su})])lies the 
j>yloric s))hin(4(*r (cf. p. tSlb), tlie })yloric ivgieii oi' the stomach, and also the 
cardiac .sphinct('r (f». SOfi). It is ])ossiblc that the sym[>;ithetic inhibits mov('- 
iiient in tlie body of tlie stomach. There an* no sympathetic fibres to I lie 
oesophagus. Electrical stimulation of the splanehnic nerves n;sults in 
inhilhtion of the peristaltic movements of tlu* wall of the gut and diminution 
of its tone. The sjihincter iiiusculature is stimulated and the sjihineters 
become tightly closed. 

(2) Blood vksskls. The sympathetic tamveys vasomotor fil)r(^s to the 
arterioles constituting the splanchnic area. The vast majority of these fibres 
are vasoconstrictor in character (tliough a few vasodilator fibres liave been 
demonstrated). The importance of the vasoconstrictor fibres is very gnait 
because the splanchnic area forms the most important part of the ])eri})hera] 
resistance (p. 308). 

(3) Bladder. The detrusor muscle is inhibited, and the sphincter vesica! 
and trigonal region are contracted by the sympathetic, the arrangenumt lieing 
analogous to that found in the case of the gut. (For full details see p. 7()7.) 
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Sympathetic stimulation in man causes contraction of tlie muscle coat of 
i\n\ epididymis, ejaculatory ducts, seminal vesicles, and prostate, with 
n*sultin^ (‘jaculation of semen (p. 707). 

(4) The //rc/crx, ntrrm. Fdllopian fahrs, and vns deferens n'ceive both 
motor and inhibitory lil)res from the sympathetic. None of the\se stnn^tures, 
be it noted, is supplied by the sacral autonomic. 

(5) 8(H*r(‘tory fibn's are su}>plied to the adrenal medulla to regulate the 
fiischarge of adreiialim*. (TIk* nervous control of the adrenal gland is dis¬ 
cussed on ])p. 7o0 et seAj.) The cortex of this gland has no nerve supply. 

(6) Irnpulaes from the sympatlietic stimulaie tlieconversion of thcglycogen 
storesof the liver into glucose (p. 857), which passes into the systemic "circulation. 

(7) Motor fibres ar(» sent to the spleen^ causing it to contract and dis(jharge 
the red corpuscles stor(‘d in it (cf. p. 226), and also to the (pillddadder (p. 801). 

(8) Vasoconstriclor fibres supply the renal vessels (p. 27). 


1 

j Organ 

Site of 
Connector 
Oils. 

Site of Excitor Cells. 

Route of Excitor 
(Post-Ganglionic) 
Fibres. 

Head aT)d ncok 

(1) Kye 

(2) Facft 

(.3) Skin of liead 
and ric<‘k 

(4) Cerebral vessels 

Thl, 2 

Su|>erior cervical gang¬ 
lion 

99 

Superior and inferior 
cervical ganglia 

Along internal caro¬ 
tid artery. 

Along external oaro- 
tid artery. 

With cervical plexus. 

Along internal caro¬ 
tid and vertebral 
arteries. 

Thoracic viscera 

TL3, 4 1 

Superior, middle, and 
inferior cervical gan¬ 
glia (man) 

Stellate ganglion (ani¬ 
mals) 

Cardiac branches of 
sympathetic. 

Fon' limb 

Thr.-!) 

(.sometime.s 
also Th2-4) 

Middle, inferior cervical, 
first and second thor¬ 
acic ganglia (man) 
Stellate ganglion (ani¬ 
mals) 

With brachial plexus 

i 

Hind limb 

ThIO L2 

Lumbar and sacral 
ganglia 

With him bo-sacral 
plexus. 

Abdomen 

(i) Viscera of abdo¬ 

men proper 

(ii) Pelvic viscera . 

Th6 L2 
Th« 12 
(chiefly) 

LI, 2 f 
(chiefly) | 

Upper abdominal gang¬ 
lia (siiT>erinr mesen¬ 
teric, cccliac. etc.) 
Inferior ineMenteric gan¬ 
glia (animals) 
HypoL^astrio ganglia 

(man) 

Along blood vessels. 

Along blood vessels 
and in hypogastric 
nerves. 

Thoracic and abdo¬ 
minal parietoB 

Thl 12 

Ganglia of lateral sym¬ 
pathetic chain 

With intereostal 

nerves. 
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The tcil)le on p. 711 brinjis out tlu* salient nnatomical ieatiires of the 
syin|)at1ietic nervous system. 

Parasympathetic Nervous System. - This consists of sacral and cranial 
divisions. 

Sacral Autonomic System.^ —The connector cells lie in the second and 
third segments of the sacral cord, in the lateral region of the grey matter. 
The connector fibres pass out in the corresponding ventral roots and then 
leave these roots to unite to form a single nerve on each side called the pelvic 
nerves or eriffevtes. They proceed into the pelvis to reach the excitor 

cells, which are found in the vicinity, or in the subiftaHre, of the orgaais tlioy 
will innervate. In man they relay in the hypogastric ganglia on the lateral 
w\*dls of the rectum. The structiin‘s supplied are the bhuhler, frosfal(\ most of 
the lanje ihtrsfinc. and the blood vess(‘]s of the pctrls. It is not certain how’ inneh 
of the large bow’^el is tlius innervated ; it is usually said that the sacral auton¬ 
omic; supplies the whole of the colon and rectum, with the possible exception 
of rh(‘ cariim or proximal colon. 

Functions.— The sacral autonomic supplies motor fibres to the bladder 
(p. 767), the large intestine, and to certain muscle fibres round the prostate. 
It stimulates the detrusor muscle of the bladder (thus emptying that organ), 
and, as might be expected, it inhibits the antagonist of the detrusor, namely, 
the 8j)hincter vesic» internus. Similarly, the colon and rectum are made to 
contract and tlic sphincter ani internus is inhibited. 

As the name nervi erig(‘ntes indicates, erection of the penis is produced 
(p. 110-1). 

Cranial Autonomic System.*^ It is best to describe first the arrange¬ 
ment of the autonomic fibres connected wdth the vagus. 

Vagus.- The affernft lUMiroiie.^ of tlie t(Uith. nerve have their bodies 
ill the nodos(‘ ami jugular ganglia.. TIk; central axons enter tin; iiiedulla 
between the restifnrm body and tlic olive to end in the dorsal nucleus of 
the vagus (and tin* iiucjeiis of the tracius solitarius) (Fig. 140). The dorsal 
nucleus is situated in tlie floor of the fourth \ eiitrich‘, hitinal to the nucleus 
of the twelfth, and contains coimeetor ctdls for both somiilic and autonomic 
systems. In other words, it contains the homolognes of both “ dorsal liorn ' 
and ” lateral horn cells. (Vrtain large cells give rise to fibi(;s ending in 
the nucleus ambiguus for somatic motor nucleus of tlie tentli), which su])j)lies 
certain voluntary strnctnrcs, like the muscl(*s of the laiynx. In the. dorsal 
nucleus are found, t«)o, characteristically small conneertor cells, referred to as 
the, midcus inferralafas (Staderini). These cells giv(; rise to connector fibres 
which pass straight out in the vagus trunk and wander with tliis nerve (still 
as comi(‘ctor fibres) to n;ach various visiana, where th(*y end in excitor cells 
lying in the substance of the organs. It is clear, then that the connector 
fibres of the vagus corresjiomi to the white rami communieantes or pre¬ 
ganglionic, libres of tlie, symjjathetic. The grey excitor tibri?s pass direct 
from their parent cdls to the organ inm;rvated {e.q. P’ig. 447). 

(1) II KART.- Tin* excitor cells lie, in the .sino-auricular and auriculo- 
ventricnlar norles. Tlie excitor fibres supply chiefly the junctional tissue of 
tlie heart (p. 234), i.e. the nodes, the bundle of llis and its ramifications— 
and to a lesser extent the musculature of auricle and v<‘ntri(;le. The vagus 

' Sacral division t>f tli«; parasyni})atlicti(;. 

- Cranial division of the parasympathetic. 
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(l(;^^r(^s^sos all the activities of the heart, i,e, iinf)ulse formation, <‘xeit.ahility, 
conductivity, and contractility, with the result that the heart is slowed and 
its huTc of contraction diininisiicd (]). 268). The vagus also suj)j)lie.s rovsfriclnr 
fibres to the coronary arteries (]>. 237). 



Fifj. 447.— Autonoini<; Jnnorvation of Aiimenlary Ciinal, (After C. J. Hill, from ^Jaxiinow 
and Hlooin, Text Book of Uistoloffif, \V. .15. tSsuiuders & (\».) 

Lon^itiidinal seotlon of gut wall. Muc., mucoHa ; m.m., niUBCularis iTiiirosa ; s.m.. isiibinurosn : /V.s.m, 
MelBsner'fl plexiiR [subinncous plexus] ; c.rn., eirrular inusrle ; Pl.sym., plexus ol postganglionie 
Bymputhetlc fibres; Pl.m., Auerbaeh's plexus [luyenterie plexus]; /.»»., longituiliiuil niu.sHc; s.s. 
subscrusa ; s.spl., sympathetic postgaugliunie uerve fibres ; On.cvel., cfrliae ganglion ; Sym.j., pre¬ 
ganglionic splanchnic nerve fibres ; Vag.J., pregai^lionlc vagus fibres ; (el. I' ig. ia&) V., blood vessel. 

23 * 
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(2) Constriotor fibres are sent to the smooth muscle in the walls of the 
Bronchi (p. 409). 

(3) Alimentary Canal (Fig. 44 7K —The vagus supplies the whole of the 
alimentary canal from the (nsopbagus down to the cfiecum. Some authorities 
(Caskell) believe that the vagus ends at the ileo-colic sphincter, others 
that it imiy extcuid farther. In general, the vagus is motor to the muscli^ 
of the alimentary canal (pp. 809, 812, 814) and r<‘laxes the s}>hincters. 
Auerbach’s [myenteric] plexus (which lies between the circular and longi¬ 
tudinal muscle coats) acts as the excitor neurones of the vagus to the muscle 
coat of the iiitestifie ; in the case of the a\sophagiis the correspondiiig f)Iexus 
lies on th(‘ surface (f). 805). The vagus fil)res also relay in Meissner’s [sub¬ 
mucous] plexus in the submucous coat wlnmce ex(ritor fibres pass to the 
mucous membraiK' (Fig. 447 ; cf. Fig. 13"), ]>. 234). Im[)ortaiit secrciorn 
fibres ])ass in th(‘ vagus to tin* glands of the stowach (p. 777) and the externally 
s(*creting alveoli of the pancreas (p. 790). The isJets of Langerhans also 
r(‘ceiv(^ a secretory su|)ply from the vagus (p. 917). 

Vagal fibres liav(* be(‘n traced to the gall-bladder (p. 801), liver (]>. 800), 
and kidney, the excitor cells lying in the organs named ; their significance is 
unknown. 

JsiNTH Nerve. —If we trace the nucleus ambiguus upwards, we find the 
motor ventral nucleus of t]i<‘ ninth which supjilies the. stylo})haryngeiis and 
superior and middle constrictors of the pharynx. The dorsal 7u.icleus of the 
ninth is continuous with the corresponding nucleus of the tenth and. like it, 
is a double structure—a fusion of " dorsal hoiii and ‘‘ lateral horn ” cells. 
The small connector cells of the dorsal nucleus give rise to fibres which pass 
by way of the tympanic nerve and the small superficial petrosal nerve to the 
otic ganglion which constitutes the excitor ganglion. The grey excitor fibres 
arise here, and join the auriculotemporal nerve to reach the parotid gland and 
supply it with secretory and vasodilator fibres. The dorsal nucleus of the ninth 
for this reason is sometimes called the inferior salivary nucleus. It is worth 
recalling (p. 581) that taste fibres from the posterior third of the tongue enter 
the brain stem along the glossopharyngeal to end in this nucleus. Thus 
afferent impulses from the mouth can readily produce a reflex flow" of 
saliva (p. 771). 

Seventh Nehve.— The somatic motor nucleus of the seventh is in line 
with the corn'sponding nuclei of the ninth and tenth. There is a dorsal 
nucleus containing connector cells (continuous with the column of dorsal 
nuclei already described), and referred to as tlie superior salivary nucleus. 
The connector fibres issue in the m^rvus int.<u‘medius, join the facial nerve, 
and go by way of the great superficial ])etrosal nerve to the sphenopalatine 
ganglion. Th(‘ (jxcitor fibres arise here to pass to the lachrymal gland by w"ay 
of the zygomatic nerve, and to the uristrified musch*, vessels, and gland in 
the palate and nasopharynx via the y)alatiric nerves. Other connector fibr(*s 
leave the facial nerve in the chorda tyrnpani to reach the lingual nerve 
and end round ganglia in the vicinity of the submaxillary and sublingual 
glands. From these cells secretory and vasodilator fibres to the glands 
ari.se. 

As the nervus intermedins conveys tiistc fibres from the anterior two-thirds 
of the tongue to the superior salivary nucleus (p. 581), another simple reflex 
arc for the secretion of saliva becomes evident. 
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Third Nerve. —The connector cells lie in the most cranial part of the 
oculomotor nucleus in the floor of the aqueductus cerebri. The connector 
fibres which pass out in the third nerve are often referred to as the midbrain 
outflow in contrast with the bull)ar outflow in VII., IX., and X. They leave 
the third nerve to end in the ciliary gamjlion^ from which excitor fibres pass 
in the short ciliary nerves to the ciliary muscle and sphincter pupilUe, The 
connector cells for the sphincter of the pupil lie in the mid brain, cranial to 
those for the ciliary muscle. As stated on p. 708, the short ciliary nerves also 
contain sympathetic grey rami to the dilator pupillfle. 

Nicotine Method for Determining Site of Relay Stations in Autonomic 
Nervous System. —Nicotine has been much used to investigate the path of 
autonomic fibres. In large doses it paralyses the excitor cells of the whole 

autonomic system. After paint- _ _ 

ing a sympathetic or para- ' ^ 

sympathetic ganglion with 
nicotine, stimulation of the 
white rami (connector fibres) 
which end in it is without 
effect, while stimulation of 
the grey rami (excitor fibres) 
produces the customary results. 

Stiniulatioii of cojinc(?tor fibres 
wiiich pass through the ni(*otiii- 
ized gjuiglion (without relaying 
i?i it) gives rise to tin? normal 
resj.)ons<*-s. 

Extirpation of the 
Sympathetic System.—If the 
entire sympathetic nervous 
system is removed in the cat or 
dog, good health is maintained; 
reproduction and lactation 
occur normally in the female. 

The blood pressure shows an 
initial fall but most surprisingly 
full recovery takes place later. 

It seems that in these animals, 
even in the absence of sym¬ 
pathetic influences and of 
secreted adrenaline, the walls of the arterioles develop a sufficient 
degree of toiui to maintain the periplieral resistance. [In man^ on the other 
hand, localized sympathectomy leads to vasodilatation which persists for 
many years (p. 359).] There are no persistent signs of the expected over¬ 
action of the parasympathetic ; e.g. the heart rate and size of pupil soon 
settle down to about normal. The metabolic rate is lowered by not more 
than 10 per cent. With emotional excitement there is no change in the 
blood sugar, no increase in the red cell count, or marked rise of blood pressure 
such as occur normally (cf. p. 661). The animals are very sensitive to cold, 
and lose heat more rapidly than normals in a frigid environment. The 
animals are able to lead a placid existence quite efficiently, but are stated 



Fia. 448.—Nuclei of Human Hypothalamus. 

(Le Gros Clark, ,/. Anat.y 1936, 70). 

Ventricular surface of hypoihalainii8 of human brain show- 
ing relative i»o8ition ami extent of some of the hyi)o- 
thalaiuic nuclei. 

A = Anterior commloHure ; ITdm. = dorHOinedial hypo¬ 
thalamic niicleuB; Hp.== posterior hyi>ot.halumic nucleus; 

Ventromedial hypothalamic nucleuB; .M m. Medlai 
maininillary nucleus; Mth. = Mummillu-thalamic tract 
(Jjluiidle of Vicq d’Azyr); Pro. ««* preoptic nucleus; Pv. = 
paraventricular niiHeiiB: So. ar Supraoptic nucleus, (of. 
rig.H. 17, 408, 424, 427, 428, 42l>, 431.) 
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to respond less well to (!onditions of eniergeiicy. TJiis irnpairnieiit of functions 
is often not in evidence, and the animals may bo able to run or fight as 
vigorously as normal controls. Tlies<» results are important and cast grave 
doubt on the generally accepted view that the sympathetic-adnMial 
system is iiidi.s[)ensable in mediating the ada])tations necessary in times 
of stress (p. 731). 

Higher Control of the Autonomic Nervous System. — 1. Centres in 
Brain Stem.^—S uperimposed over the connector cells of the autonomic 
svstem are ‘‘ centres ’’ in the brain stem controlling special ])arts of the system 
which are conc(‘nied with specific, functions e.ff. the vasomotor (vascular 
tone) ([). 303), cardiac (heart rate) (p. 270), vomiting (p. SI I), respiratory 
([>. 384), deglutition ({». SOb), adrcnaliue-secn'tiiig (p. 730), ami blood sugar- 

regulating (p. 017) centr(^s. 

2. Role of the Hypothalamus. - 
Xiu’LEi OK HvroTKALAMr.s. The main 
nuclei in the hy])otiialamus may be grouped 
as follows (Fig. 118) : (i) Anterior : (a) ])ara- 
venlricular: (h) supraoptic. 

(ii) Middle: this grou|) occupies tli(‘ middle 
part of the tuber cimu-mim, and in<^lu(l<‘s the 
nucleus tuberalis and the ventromedial, dorso- 
rrredial, and lateral hypothalamic nuclei. 

(iii) 1\}sterior: (r/) ]K)st(U‘ior hypothalamic 
nucleus; (h) mammillary body. 

Connections and Func^tions. 'fheseare 
summarized below. 

(i) Etferent fibn‘s from the hy|)othahimus 
pass from the middle and posterior nuch*i to 
the brain strun ‘'centres” mentioned in 1, 
suprffj and thus control the. activitij of the 
tvhole aulonomic sj/stem. (sym|)atheti(‘. and 
j)a rasyiii] )atheti(!). 

{a) Stimulation of the posterior nuclei in- 
creast's sympathetic activity ; c.r/. it |)roduces a 
ri.se of blood ]>res.sun*, secndion of adrenaline, 
cjuickening of the lusart, and development of 
premature contractions (Fig. 4411). 

(h) Stimulation of the middle nuclei produces parasympathetic overaction, 
e.fp cardiac slowing, incnjascd gastric s(*cretion, blood flow and motility. 
Irritative, lesions of the middle nuclei by stimulating the vagus, may produce 
tuemorrhagic enjsions of the mucosa of the oeso])hagus, stomach or duodenum 
which may r(\sult in fatal perforation (p, 788). 

(ii) Descending fibres from the frontal lobe (areas G and 4) (p. 029) and 
the globus pallidus (p. ObO) end in tlui hypothalamus ; the latter in turn gives 
rise to descending fibres wtiich relay in the reticular nuclei, and are continued 
in the reticulospinal tracts to the spinal motor neurones (Fig. 408). The 
hypothalamus thus constitutes part of the extra-pyramidal facilitalory pathway. 
Lesions of the hypothalamuLS produce (experimentally) poverty of movement 
and catalepsy (p. 0.09) and may be responsible for some of the signs of 
Parkinson’s disease (p. 000). 



Kjo. 4-1-9.- -Efl'ccl of ilypo- 
thalumic Stiiiiuljilion on iitnul 
Pressure anO Breatbiug, (Bati- 
son, Kabul, and Alagoun, Arrh. 
Xrfirol. (’bieugo, 

3‘S, 4(38.) 

Records from above <lownward.s are : 
respinitioii, time in secomls, sii^ii.al 
line, blood pressure. Durinpr lull 
ofsiirnal (S), rejjioii of lateral liypo- 
thalamic nucleus was stimulated. 
Note increase i»« rate and defdb 
of breathing and rise of blood 
pressure. 





LESIONS OF HYPOTHALAMUS 
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(iii) Filires pass from tin* anterior nuclei to the ncMroJu/pophi/sis (posterior 
lobe of pituitary) to control the secretion of the antidiuretic lioVinoiK? (ADIl) 
(|). 47) and tlui oxytocic hormone (p. 1091). Thou^rh Mi(‘ liypotlialamus does 
not directly innervate the anterior pituitary it forms cliemical transmitt(‘rs 
which regulate tlie activity of this gland (fi. 9:51). 

By reason of the connections set out in i-iii above, the hvjiothalamus is 
a,n important centre for emotional e:rteriorization ([>. (JOr)). Lesions which 
isolate the hy])otha.lamus from the higln‘r levels ])roduce the rag(‘ reaction 
(pp. 004, 071). Lesions of tlie hypothalamus or its descending tracts mav give 
rise to emotional palsy (p. 008). The hypotlndamus is the jirincijial centn* for 
temperature reyulation * (j). 17:5). 

A B C 


“40 MM 
“30 
-20 

10 ’’ 

iAi.l Mill 

laO. Action of Acctybliolinc on (’ircula1i(»n. (Dale, ./. Phnrm. ax/f. ThetajL, 

Itecords from above downwards; blood pressure, sianal. tiim- in li seconds (A. 10, und lo sccojals (C) 

A. Inject (M ms. of acefylcbolmc. Alarkcd fall of bU»od jirc.sMirc and iidcnsc 1ransi(‘nt. slowins of tin* 
heart (muscarine action). Uctween A and it inject i ms. oCatropim-. ll. Inject ms. of acctylcholini’. 
i.arsc rise of blood prcs.surc (sanslhmic or nicotine action). I’xtwcin li ioid (. injt-ct, lars*' do.se t)l 
idcotinc (do ms.) to paralyse autonomic sanslia. ('. Kepcat injection of .‘i m^. of acctvlcholinc. Xo 
crtcct on blood pressure. 

(iv) It is closely linkt'd by many allereiit and elfenmt fibrt's with the 
thalamus and prefrontal enrh'j’"(Fig. 4-28, p. ()f)9). It is tlms jiait of a nervous 
complex related to emotional states (p. bOG), iiersonalit v, and social Ixdiaviour 
(p. ()70). 

(v) It receives aflerents from the hij)pocam])al region via. (lie fornix a,nd 
disclnirges via the anterior nucleus of the thalamus to tlie cingular gvrus. 
The role of this coiinectioii is obscure. 

Results of Lesions of the Hypothalamus. Some of tin* syndromes 
observed clinit'ally art; briefly summarized bt'low : 

(i) Diabetes insipidus (]). ^19). 

(ii) Disturbed tem])t;rature regulation (p. 47:5).^ 

^ The following points may be mentioned here : (1) Destruction of the hypothalamus 
imiy lead to prolonged hypothermia or hy]H*rt)ierinia. (ii) Localized heating or cooling 
of the hypothalannis leads to appropriate reactions which increase licat loss or heat 
production rcspectivelj^ showing that the nerve cells are specifically sensitive to minute 
alteralions in their temperature, (iii) The antipynitic grotipOf drugs and the harhitural-cs 
(which render an animal poikilothermie) mav produce their ellects hv an Jietiori on the 
hypothalamus. 





(IIEMICAL TRANSMISSION 
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(iii) Distiirbaiioes in carl)()liydrate and fat inctabolisii) and in sexual 
function, resulting from anterior pituitary dysfiinctiiui (pp. It'il, l)3b). 

(iv) The occurrence of somnolence,^ changes in niuscle tone and impaired 
emotional exteriorization. 

(v) Changes in personality juesiimably owing to deranged ai’tivitv of the 
associated prefrontal cortex (p. 671). 

(vi) Hypothalamic lesions may set up abnormal hunger which is satisii(*(l 
by an excessive intake of food wliicli in its turn ])roduc(^s obesity} It will 
be recalled that prefrontal leucotomy is often JV)llow(‘(h teni]>ora.rily, ly a 
ravenous appetite (p. 674). 

JioLK OF Cfufukal Cortkx. Tile control of visceral activities by the 
cen'bral cortex is considered on ]>. 671. 

Mode of Action of Autonomic Nerves. Chemical Transmission of 
Nervous Impulse.- The general (]tn\stio]i of transmission of the nervt‘ 
impulse was considered on p. 507. Pxdon* discussing this problem furl her in 
relation to the autonomic iicrv(»us system, we must be familiar with tfie peri¬ 
pheral actions of adrenaline (see p. 7l!4), ami of aei'tyleliolim^. 

Action of Acetylcho¬ 
line."* — T h e |) e r i}) h e r a 1 
atilononnc effects of this 
drug may be grouped under 
thre(‘ headings : 

(i) Direct a.(‘tioij : .A 
perijdieral dilator action on 
Fid. —Action of Acetyklitilinc on IVrfused (‘ertairi blood vessels. 

Frog’.s Heart, (Dale, ,/. Phann, rxp. Thcrnp., (ii) “ MnsrnriHC ’ action : 
•‘d4.) Acetvlcboliiie stimulates all 



Hfeonl of (‘ontnictioii of )i('rfus»Mi licarl. At Ilf 

vertical line the, iirrliisiiJK fluM v.is elianKrd from pure 
RiiiKcr'd solution to one eoiitainitiji 1 -10 « <»f ae* |yl- 
eholiiic. Xote arrest of the h«*urt wfiloh follows an initial 
(lecrcaMo in the forcean<l rate <»f eontraetion. 


parasy m pal hetically iniierva t- 
ed structures liy ii periplniral 
action. 


(iii) SivoUne action : 
Acetylcholine (like stnall doses of nicotine) stimulates all aiitmiomic gaugliii. 

Action on the Circulation.”-- (i) If acetyiclioline is injected intra¬ 
venously in doses of 1 x 10"^ mg. or less (e.g. in the cat), it lowers the blood 
pressure. This effect is due to a direct dilator tictioii on the walls of certain 
peripheral blood vessels as can be proved by perfusion t'.xperirnents, e.g, on 
the blood vessels of the ear. This dilator action is abolished by atropine. 

(ii) When larger doses (0*01-Ol mg.) are injectiHl a considerjible fall of 
blood pressure results whicli is associated with, and is largely due to, a vagus 
effect on the lieart, i.e. slowing and decreased contraction (Fig. 450, A). The 
cardiac effects are still olitained after section of the vagi, but are abolished by 
atropine, i.e.. axjetylcholine acts on the litiurt in tJie. region of the vagal terminals. 

(iii) After injection of atrojiinc, small doses of acetylcholine no longer 
depress the heart or the bltjod pressure. Very large doses, liowever, e.g. 5 mg., 
produce a marked rise of blood pressure and cardiac; acceleration, csjiecially 
after previous destruction of the medulla and spinal cord (Fig. 450, ]^). 


^ Of. footnote I, p. 1)41. 

“ ILtIp, Jirit. wed. J., ll.'M, i, 1835, Loewi. Proc. rny. Soc. /L, 11)35, IIS, 21)1). 

^ Dale, ./. Phurw. exy. Therap., 1014. fi, 147 ; iSy!n])o,siurn on -Acotylcholinc, BuK. 
Johns Ilopk. ilosp., J048, tV/j, 403. 




ACTION OF ACETYLCHOIJNE 


no 

The response is due to stimulation of the synipathotic ^an^lia uthI thus of the 
constrictor fibres to the blood vessels and the cardio-accel(*rator fibres; a 
discharge of adrenaline also occurs and is a minor contributory factor. 

(iv) Following the injection of very larger doses of nicotine which y)aralyse 
the autonomic ganglia (p. 715), the ])ressor elfect of ac(‘tvlcliolinc is cmripletely 
abolished (Fig. 450, C), confirming tln^ inte.rpretation given abov(^ of its mode 
of action. 

(V) Acetylcholine weakens, slows, or arrests the isolated perfused heart 
in concentrations of 1x10 ® or less (Fig. 451). 

Action on Othkk Visckra. -There is no need 
to (h’tail the actions of acetylcholine on the other 
viscera as it accurately repeats the elTects of para¬ 
sympathetic stimulation ; thus it produces a secretion 
of tears, saliva, and gastric and pancreatic juice ; it 
increases the movements of the (esophagus, stomach, 
small or large intestine (Fig. 152), and bladder; there 
is pelvic vasodilatation and erection of the penis. If 
injected diro(itly (1 drop of 0*1% solution) into the 
j>ad of the cat’s foot thcire is local vasodilatation and 
secretion of sweat (cf. p. 481). The uterus, though 
innervated by the sympathetic only, is stimulated by 
a(*<dA'lcholine acting dimllij on the muscle coat. 

Acetylcholine also lias inijioriant actions on sheletnl 
mnsrle (p, 514), the central nenmm sj/steni (]). 530), 
and the cliemorccepfnrs ([». 785). If appli(‘d dire(‘tly to 
the .mpraoptic nucleus it stimulators it to dis(;harge 
impulses to the posterior pituitary (p. 55). 

The transient nature of the a(!tion of injected 
acetylcholine is due to its instability ; it is rayudly 
hydrolysed in alkaline solution even at room tempera¬ 
tures to form choline which is about 100,0(X) times 
less potent than its acetyl derivatives. In blood and 
in the tissues generally tlnrre are varying conc(*ntra- 
tions of an enzyme, cholinesterase (]). 509), wdiieh 
greatly accelerates the rate of destruction. 

Acetylcholine as Parasympathetic Chemical 
Transmitter^ —Loewi showed that when the vagus 
supply of an isolated perfused frog’s heart is stimulated, 
a substance appears in the lumen of the ventricle 
wliicli can be transferred to and j)roduc(‘s a vagus 
effect on another ventricle (Fig. 453). There is good 
substance is acictylcholine. ’rin*, nervous impulses (spik(‘ potiuitials) which 
pass down the vagus, therefore, do not act directly on the heart muscle, 
but through a chemical intermediary or transmitter which is released at 
the vagal terminals (p. 508). 

Not oidy the vagus, but all the parasympathetic nerves, both in amphibia 
and in mammals, produce their effects in exactly the same way. The study of 
the subject has been facilitated by the elaboration of biologi(?al methods 
which enable acetylcholine to be demonstrated in minute amounts and its 
» Loewi, PfiiigwB Arehiv,, 1921, m, 239, Brown, Phyaiol Rev., 1937, 17, 486. 


rf 



Tic:. 4rr2. — Aolioii oi' 
At‘(‘1yl(h(»liiit‘ oil 
Jntestiiu'. (Dale, 
J. Pharni, exp. 
Thernp.. 1914.) 

Kf'conl nl‘ inovt'nifiits of 
strip of iiilcstinr siis- 
pi'iulnl in bath ul'wariii 
ox VLO'na f (’fl Kinuc-r- 
l.oi'lo’s solutnni. At 
A, an>t\ Irliolini' was 
aritled to tin* hath..Nob' 
inti'iisi' f'ontrartion of 
intrstiin'. At K. i'n^j'h 
Kiii'iiir-LiH'krV solu¬ 
tion was introiluri'd 
intf» the hath and in¬ 
testinal ridaxatiou oi - 
4'urri'd. 

evidence that the 
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AC HTVrX IIOLIXK AS TRANSMITTER 

concent ration detonniDed with a fair decree of accuracy. The hloocJ or perfus¬ 
ing:' fluid is collected before and during |)arasyni})athetic stimulation from tbe 
orjjan under investiiration irj an animal under the intliumce ol eserine (this 
dru^ is used to preserve any acetylcholine which may be formed). A series ot 
tests are then carried out, bas(id on the following known actions of minute 
doses of acetylcholine : 

(i) It lowers the blood ])ressure on intravenous injection ; this fall is 
abolished by atropine. 

(ii) It produces (*on1 ruction of the back muscle of the leech (Fig. 454) or 
th(‘ rectus muscle of the frog previously treated with eserine. 

(iii) Tt inhibits the frog’s h(‘art (Fig. 451) or th<‘ rai)bit s aurich*. 

(iv) It is inactivated by tn*atnient with alkali, but is unafleeted by acid. 
If tlie fluid under examination gives positive results with tins scri(‘s of 

tests and if in addition its relative activity on llie dinerent test, objects is 
the same as that of acetvlcholine th(‘re can be no n*asonable doubt that it 



Kic. 4r>;}.—Libcrat inn of l*arasyinpal iirt it* ( 4ieinical Transinitt»*r in I' rn^’s II(‘art. (liain. 
Quart. J . t’.rp. P/tj/siol.y 

ii j«ri(l 1) thf roiitraclioii ol two ImsoI'. I) nlont»r) ntTliHiil uilli lliiiil wliirh 

is till'll fi!issi‘il jiiio (hr luimn o( Ii (n*ri|»i.>nt). Oaring' llu' p*‘rioil imlican'ii l>y tln“ ili'^ci iil ol llir 
sitrriiil liiH- s, tin- wojiis iirrvr -.uiiiily oC O i- .•'finuilatni. ran'.irr-' rar'liar arrrst. Alli*r a lalmt, |H!rioil 
till’ ivi’ipuiit lu art ( Iii alsn cra.'.i's to Ijial, 'I linn* in .s« ronii.>.. 

contains acetylcholine., i^y inatcliing the |>hysiological results obtained with 
those produc(rd by known conce.jit rations of acetylcholine, one can detminiin* 
the jirobable acetylcholiin* content of the s.aniple. (Fig. 151). 

.Acetylcholine is consta.ntly being re.lciKS(‘d ;it panisynijiathetic move* ends 
und(*r normal conditions beciiuse of parasyinpatlietic “tone;,” /.c. the stciidy 
streain of impulses which are discharged at a low freijuency from th(‘ nerve 
centres. 'I’lie iinmunt released is considerably incrcjiserl by piirasynijiathetic 
nerve stimuhition. .Acetylcholine is fouml in ext.ra<*ts of iris and of t he ciliary 
b(Klies : the amount jiresent. is increased by third nerve stimulation ; it is 
vt'TV ini])ortant to note that- it flisapfiears com])let.<dy after third nerve section 
arid degeneration. 

Action of Atropinf. —Atropine does not int(*rfc*re witli the relea.se of 
acetylcholine at jiarasyrnpathetic ]K).stganglionic terminals ; but it prevtMit.s 
the acetvlcholine whicli is released from a(!ting on the tissue cells. Subseiimmt 
])arasympat]ietic stimulation consequently produces no functional changes in 
the organs su|)|)lied. Atrofiine is often said to “ paralyse y)arasympathetic 
nerve midings ' ; this is not true ; th*^ current e.\pr(‘ssion is that atrojiine 
‘‘ annuls the eftects ” of |)arasympathetic stimulation or blocks ” the 
parasynipatlietic ncr\'c endings (cf. action of curan*, pp. 51b, 521). 
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Acetylcholine as Transmitter in Autonomic GangliaJ This question 
is fullv oonsideretl on p. 

Chemical Transmitters of Antidromic Vasodilators in Dorsal 
Nerve Roots. -Stimulation of the jau'ipheral end of a cut dorsal nerve 
root, v.e. towards tljt* body surface, produces dilatation of the blood vessels 
(artenolt‘s, caj)illaries, and venules) in the corresponding region of the skin 
and of the blood vessels of muscles. A limb enclosed in a. plethysmograph 
conse(|U(‘ntIy shows an increase in volume (Fig. Ibb). The fibres conc(‘rned 
have their cell bodies in tin* dorsal root gaiiglioii, and not in the spinal cord : 
if the dorsal nerve root is cut peripheral to the ganglion (Fig. Ibb, point 2) 
and time is allowevl to (‘la]>se for the appr<qiria.t.<‘, U(‘rve fibres to degciun-ate, 
this vasodilator elfect is ai)olished ; if 
the st'etion is central to the ganglion 
(Fig. Ibb, |)oint 1), the vasodilator 
fibres survive indefinitely. The, nervous 
impulses in tluise expm iimuits are called 
antidromic bf'canse they are trail,s- 
initted in t In^ rev<*rs(‘ to the normal 
direction. If tin* n'nhal ntofs atr rnl 
(imJ ullniml to (li'tjVKcnitv, it, is found 
that siibsecpumt jieripln'ral stimulation 
of the cut dorsal root gi\’(*.s rise to a slow 
contraction of tin* sl«^letal muscles 
which iiave f)(*en depriv(‘d of their motor 
supply (the tSIfcrriiH/fon fthenonKmoh). 

The dorsal ro(<t libres res|)onsible 
for all the effects describetl are fine 
medulla.t(*(l nerv(*s. conducting slowly 
at a rate of alxait I nn'ln* per .se<‘ond. 

Idle, (*xj)lanat ionof thesi* remarkable 
results is as follows. Hranebes of 
t he dor.'^al root filiri's which reach tlie 
skill or muscles givi^ off collatiwals to 
sii|»ply the walls of the local blood 
v'essrls (Fig. \Vh<*n the anti- 

ilromie impulses reach tluvsi* vessels they 
ri'lease eliemieal transmitters whicli 
are resjxmsibh* for the effects d(‘scribed. 

(I) Effirls on .l///.sc/r, -There is (‘videnci* that ac(‘tyIcholiue is releas(xl 
a,t tln^ ends of th(‘, dorsal root collaterals su|»plying tln^ muscle V(‘.sse.ls and is 
r(5Sp()nsibl(.‘. for tlunr dilatation. The aca^tyleholine thus nilt^ased (liffuses 
away and rearhe.s the skeh*tal miiseh* ti)>res in the vicinity. Jt- lias l)e(>n 
pointed out (p. 510) that motor denervation sensitizc's tissues to tiie atitioii of 
their normal transmitters. When sktd(*tal muscle lias bexm deprived of its 
motor nerve sujiply the simsitiziMl ti.ssin^ responds by contraction to the 
])reseiicc of acetylcholine in il.s vicinity. Intravenously injected aia'tylcholine 
likewis(‘ jirodnciis dilatation of muscle blood vessels and contraction of 
(bmervated .sk(ili‘,ta.l muscle. 

1 Fel.Jborg and Gaddinn, ,/. Physiol., l!)34, SI, .305. Brown, Physiol. Per., 1937, 77, 
485. Ei’t^lrs, Krycb. Physiol., 1930, HH, 339. 
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Kid. 4.‘>4.—ijiiiilxMi of Acetylclioliiif 
in I’hysioiogical Fluids. (Fcldherg 
and (ladduin, J. PhyxioL, 1934, SI.) 

1 ji|»T roronl. fnm's hcarl ; lowt r n-iord, li'<ali 
iini-'i-lr licjiiril with i.-scritu*, 

A. Kfh-i-t.-, of Ilui'l (‘olh'ctid diirin" norvn stini- 
lil.-iiioii. 

1>. Caul nil lliiid. 

It, Kin-cts or ;if*rtylidj()Iiii(‘ 15 and .‘50//y. jK'r 
HI IT rosjMTtixfly. 

Nolo ill A, li, ( inliihitioii oriii*ar( and oont.raction 
111 liTcIi iniisric. 'I rsl s(.)Iul.i«in .\ is rnuiva- 
Irnl toalunit ’JO/zy. cif accl^ lcholini’ por litre. 




SYMPATHETIC TRANSMITTER 


(2) Effects on tSkiu .—According to Lewis, the vasodilutation in the skin 
produced by peripheral ilorsal root stimulation is due. to tlie liberation there 
of a substance which resembles histamine (-H-substance) in its physiological 
properties. Tlie question is further considered on pp. 309 and 3‘J3 et seq. 

Evidence is presented on p. 513 that acetylcholine is the transmitter 
at motor end plates in skeletal muscle. Its relationship to transmission 
processes in the central nervous system is considered on p]). 530 et seq. 

Chemical Transmitter of Sympathetic Postganglionic Fibres.^— 
The postganglionic fibres of the sympathetic produce their effects by releasing 
adrenaline or the closely related substance nor-adrenaline at their terminals. 
The transmitter will for convenience be referred to as adrenaline (p. 510). 
These results ex})lain the so-calh‘il sympatliomintetic action of adrenaline, 



Fio. 45r>.—yawfuiilators in Dorsal Xorvo 
Roots. (Hayliss.) 

Upper Ffcord (A) limb volume; lower reeord 
(H) blood pressure. Signal : stiniiiintioii 
of the peripheral end of » lumbar dorsal 
nerve root eight days atler section be- 
tvK'cn the spiiml cord and the ganglion. 
Note the incrra.se In limb volume (iiidlca' 
tivi' of vasocliJatationi without change in 
the h'vel of the blood pressure. 



Kirj. 4rd».—ReloHHf* of 

»Sy m))at 1 il tic Tra tiS' 
inittrr in Prog’s 
Heart. (TiOi'wi, 
Pfluqe.rs A rvh ii'., 11, 
IS'IA 


Iteconl of movements of 
aled f>erfnHe(l frog'.s ven¬ 
tricle. At the point marked 
by the arrow ihert; was 
added to the j>erfu.sing linid 
the confenf.s of another 
frog’s ventricle which hud 
be(‘n snbiee(«'<l to .><>' 1111 ^ 111 - 
etie stimulation. Note as a 
result the increased ampli¬ 
tude of the euntructions. 


i.e. that it produces on injection the same results as sympathetic stimulation ; 
no other result could be expected if the .synqiathetic itself produces its effects 
by releasing adrenaline at its terminals (cf. p. 721). 

The following experiments may be quoted : 

(1) Stimulation of the sympathetic nerve supfily to the isolated frog's 
heart ndcases a substance in the ventricle which can be transferred to and 
causes sympathetic effects on another heart, i.e. increased force and rate of 
contraction (Fig. 456). 

(2) Stimulation of the peripheral cut end of the sympathetic sup]>ly to 
structures in the hinder part of the body of the adrenaIe(jtoini/.ed cat, e.q. to 
the tail hairs, intestine, uterus, or bladder, causes acceleration of the dener- 
vated heart * (cf. p. 729). The maximal acceleration may occur several 

* Bacq, Ergeh. Physiol., 1035, o7, 82; Rosenbluoth, Physiol. Jiev., 1937, 77, 514. 
(’annon and Rosenblueth, Autonomic Xeuro-ejfector System, New York, 1037. 

» Cannon et al, Amer. J. Physiol, 1031, 90, 392 ; 97, 365 ; 1932, 99, 398. 
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minutes after nerve stimulation is discontinued : the elfect is further dela.y<*d 
if the venous r(^turn from tlie stimulated rejiion is temj)orarily arrested. 
StiinuJation of tlu*. pe.npherfil cut end of tlif' sciatic nerve (which contains 
sympfithetic fil)res) causes adrenaline-like effects on distant orfrans, c./;. 
dilatation of the pupil (Fi<x. Jr>7), inhibition of the intestine, a rise of blood 
sugar, and contraction of the sjjhMMi. All these results (;an be reproduced 
even when the postgaTiglionic fibres to the ros])onding organs have been 
cut and allowed t<» degen«‘rjitf‘, 
and the adrenals remov(‘d. MM 


Chemical examination shows 
that the n^sponsible exciting 
substaJice is adnmalim* (or 
nor-adrenalinc). 

The adrenaline released at 
sympathetic ])ostganglionic nerve 
endings exerts its e,fleets ]pre¬ 
ponderantly hicalltj at the sitt^ 
of its liberation; small quantities, 
liowever, as has been shown, 
may escape* int(» the g(‘ncral 
(jirculation and produce* slight 
effects at a distance. As they 
reh*ase chemical intermediaries 
])eripherally,all syTn|)a,thetic(and 
l>arasyiny)athe.tic) m'.rves might 
be called “ secretory ” m'rves : 
or. alternately, one can legard 
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or tin- rut t^datir uurvr was sfiiimlatcU (Ihis nn ve.* 
••MMtaiii'' |*f>sl,j/:iii}:llonic Untie lihirs). .Aftrr 

.1 latoiif pmoU tlir jniptl dilatrd. 


the adrenal medulla, as a large ^ • i i- • 

diff(*rcntiated ganglion cell plus sy]U]»athetic ending. Lhe (*sseiitial diflerentse 
between the. svmjiathetic system and the a<lrenLd medtdla is that the 
former can act with gre,ater precision on restricted parts of flm body 
wliile the latter jtroduces effet'ts which are more generalized and diffuse. 


TITH ADRENAL MEDULLA- 


The structure, c(miparative amitomy and embryology of the adrenal 
medulla are dtvseribed on p. 943. The physiology of the medulla is 
with here because i1«s active principle (or ])rinci])les) is as closely related 
functionally (as it is develojmientally) to the sympathetic nervous system. 

The actire principle of the adrenal medulla has hitherto been thought to 
be adrenaline, which can be readily extracted from the medulla and can be 
demonstrated in tlie adrenal venous blood ; recent (rareful wcjrk has 
however that the medulla also secretes the closely related substance caJ ed 
nor-adrenaline (which is adrenaline minus its terminal Cli.j group (p. 7Z. )). 
The relative amounts of adr(‘iia.line and nor-adremilme. secreted vary a good 
deal for reasons that are unknown. There are significant differences in the 


* The action of amine oxidase and 
- Cannon, Bodily Ckangts in l*nin 


ephedrine are consi<ler©d on p. 510. 

, Hitmjer, Fear and Mage, 2n(i edn., 1029. 
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A( TIONS OF ADRKNALINK 


physiological actious of adrenaline and nor-adrenaline. Until the matter 
has been further elarified, it is convenient to discuss the hormone of the* 
adrenal medulla as though it were only adrenaline. 

In the resting condition of the ])ody it is not certain wliether any secretion 
is discharged Itoiu the medulla, though there is some suggestive evidence. 
In various states of ernergeticg or stress there is no doubt that adrenaline 
is poured into the circulating blood and acts mainly by reinforcing the activity 
of the sympathetic system. 

Actions of Adrenaline.^ In general atlrenaline affects all sym]>athetir- 
ally innervatf'd structures througliout the body ainl j)ro(luc(*s tin* same 
changes as df)es stimulation of their symj^athetic in*rv(* supply. (Adrenaline 
also acts on elements <d’ tin* central nervous system.) 

Briefly stated, the ej]‘ects are (cf. |)p. 708 et seq.) : 

(1) Eye : dilatation of the pupil (cf. ]>. 720) and retraction of the lids. 

(2) Heart : the direct effects on the heart are accehnation, increased force 
of the beat, and increase in (*ardiac excitability and conductivity. 

(3) Blood Vess(ds : constriction of the arterioles and capillaries in the 
skin; constriction of the splanchnic blood vessels; dilatation of the blood 
vessels supplying the heart and skeletal muscle. 

(4) Bronchi: relaxation of tiie muscle coat. 

(5) Intestine : inhibition of the intestinal wall and closure of tlie sphincters. 

(6) Liver : conversion of glycogen into glucose. Contraction of the capsule 
of sfleen and the ’wall of yaU-bladder, 

(7) Bladder : relaxation of the detrusor and contraction of the sphincter 
and trigone (p. 767). 

(8) Uterus: varying effects are produced. In women the uterus is 
inhibited during labour and the puerperium. 

(9) Skin structures: excitation of arrectores })ili and other smooth 
musch? in the skin. In man no secretion of sweat is produced (but sec* j). 4S1). 

(10) Skeletal muscle: it antagonizes muscular fatigue, enhances excita¬ 
bility, and antagonizes the action of curan* (j). 521). 

Certain ])oints must be elaborated in greater detail. 

1. Circulation. —A, Ac’tfox in Anj.mals. {]) Blood Pressure. Ijijectiojj 
of adrenaline, intravenously (in animals) produces a rapid and marked ris(^ of 
arterial blood pressure (Fig. 458, A) (up to lev<ds as high as 250 mm. llg). The 
pressor effect is due to vasoconstriction, mainly in the skin and splanchnic 
area. The volume of a limb, kidney, or intestine (recorded with a ])iethysmo- 
graph) shrinks markedly, sliowing that the volume of blood in thes<* j)arts 
is decreased because of contraction of the blood vess(*ls. Similarly the l)lood 
flow through these regions descreas(*s strikingly. The ])lood vessels of skeletal 
muscle dilate ; thus, though tin* volume of an intact limb diminishes, tin* 
volume of a skinned liirdj increases after injection of adrenaline. The coronary 
vessels also dilate. The intensity of the action of adrenalim* on diflercnl. 
vessels is probably related directly to the richness of their sympathetic 
innervation. As might be anticipated, adrenaline has a relatively minor direct 
constrictor action on th(* cerebral and pulmonary vessels. The net n^sult of 

^ Tlin (lintTencea hctvvftMi tlio action of adrenaline and nor-adn'iialiuc are mainly 
(|uantitative. Thus, if the do.se of adrenaline necessary to produce a given effect is taken 
as 1, that of nor-adrenaline is : on cat’s blood pres.siire, 0-S ; rabbit ileum, 2; frog perfused 
heart, 33 ; rat non-pregnant nteriis, IfKh 
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varying vascular circcts is to redislrihnfr the blood flow in a nuiniicr 
af)])r()|)riatc for conditions of stress. The flow is diverted from tlie skin and 
sf)hinchnic areas and directed to the coronary and skeletal vessels which are 
actively dilated (u\fra). The rise of blood pn^ssun* further increases the rate 
of flow ill this latti'r ^roiip of vessels ; it also probably overcomes the slight 
constriction (directly produced) of th(‘ cerebral v(‘.sscls, thus finally increasing 
the blood supi»ly to the brain. 

Adrenaline acts perif herally on the muscle coat of the blood vessels. It 
produces its pressor action after destruction of the medulla and spinal cord 
and after paralysis of the sympathetic ganglia by nicotine ; the blood vessels 
of the skin are constrictf^d ev(ui after section and degimeration of all the 
sympathetic nerves to the jiart. 

(2) //cor/. - Using tlu^ isolated mammalian heart yierfused through the 
coronary vessels (p. 23(1) adrenaline jn-oduces an incr(*.ase in the rate and 
force of cardiac contraction. 

A ])ressor injection of adrtmaline in the inlart animal commonly slows the 
heart (Fig. 158, A). Th(^ rise of arterial blood pressure stimulates the j)resso- 
recef)tors in the carotid sinus and aortic arch ; aflVutuit impulses j)ass up to 
stimulate the cardio-inhibitorv centre and reflexly, via the vagi, the heart 
rate is slowed (in other words, the dirmt accelerator action of adrenaline on 
the heart is reflexly overcome). This reflex cardiac slowing is abolished by 
section of the sino-aortic n(‘rv(*s, section of the vagi, or “ blocking ” of the 
vagal endings by atropine ; it is also annulled when the blood pressure is 
])r<?.vented from rising by the use of a suitable compensator device (Fig. 458, B); 
under these experimental conditions adrenaline, intravenously injected, 
ipiickens the heart. 

B. Action in Man. -An intravenous injection of adnmaline of e.g, ()*3 
mg. j)rodu{!es a considerable rise of blood pressure (e.g. to 210 mm. llg) 
associated with mai-ked pallor owing to constriction of skin vessels. The 
skin temperature, as might be expected, falls especially in the hands and feet. 
The heart rate rises and there is increased excitability of the myocardium 
H'sulting in the development of numerous extrasystoles (p. 270); conduction 
in the bundle of ilis is speeded up.‘ If adrenaline is inject(‘(l intravenously in 
nrinute amounts (1-2 /ig.) there may be no change in arterial blood pressure 
or pulse rate or in the state of the skin vessels, but the muscle vessels in the 
calf or forearm dilate and the blood flow through them increases. These 
exi)eriments prove conclusively that adrcjialine actively dilates muscle vessels 
in man. 

Subcutaneous inje(*tion of adrenaline (e.g. 0-2 c.c. of a 0*1% solution) 
causes constriction locally of arterioles and capillaries (p. 322), so that a cold 
pale |)atch of skin is produced. 

If the heart has been arrested by an overdose of an anaesthetic, intra¬ 
cardiac inj(^ction of adrenaline may restore the rhythmic beat (cf. p. 294). 

2. Respiration. —During the height of the rise of blood pressure which 
follows the intravemous injection of adrenaline in animals the respiratory 
movements often cease or become very shallow (Fig. 458, A). This adrenaline 
aprifjeaj as it is called, is mainly reflexly produced by the rise of blood pressure 
which stimulates afferent nerve endings in the aortic arch and carotid sinus 

^ tSimilar changes are observed when large doses of adrenaline are secreted by the cells 
of a tumour of the adrenal medulla (cf. p. 734). 
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(ci*. Fi<;. 177). The ;ij)iicp{i is almost coiiipjeiely a)>»»lislH‘d after division ol the 
vagi and dem^rvatioii of the carotid sinuses, or if the rise of blood pressure is 
prevented from taking place by means of a compensating device (Fig. 458, B). 
in man, adrenaline apnma does not oc(‘iir : in fact in the “ hypertensive 
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Fig. 458.—Action of Adrenaline on Blood PrcHsure arid on Itespiration. (Wright, ,7. 

Phyaiol.f iniiO.) 

Cat, ohloralosc anwstlirsiM. Tin* rff'onN Troin .'ibov*- (Unviiwarfl*^ rrpnscat blnod |»r<'ssarf\ rosiuration 
an<l time in 2 aeronds. The are intact. In A. 01 rnj;. adrenaliiar was injeeled at the arrow 
Note the marked rise of hlot)d pressure and the obvious slouiuK of the lM?art rate. The breathing is 
inhibited at llrst and gradually returns to normal. 

In n, twice the dose of adrenaline (0*2 mg.) w'as injectcrl. Ity means of a special compensation 
device the rise of blood pre.S8iire wa.s alm<»st tamipletely prevented. Note that there Is no slowing of 
the heart, and only a transient slight decrease in respiration, following which the breathing hecometi 
deeper. 

Tills experiment demonstrates that the slowing of tlie heart and tlie respiratory depression 
which occur in tlie intact animal (A) are not due to the adrenaline itself but result (reflexly) from 
the rise of blood pressure. 

crisis of tumours (jf the adnmal medulla, tlie breathing b(*(*om(‘s deej) and 
rapid (p. 734). 

Adrenaline increases the basal metabolism by about 20%, as the result 
of increased oxidation in the tissues generally. TIk^sc* changes come on 
within a few minutes of the injection and persist for about half an hour (j). 380). 
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The bronchi are relaxed ; this action is the basis of the treatment 
of the spasm of broneliial asthna. by subcutaneous injection of adrenaline 
(p. 4.09). 

3. Muscle. The actions on skeletal muscle are important. The muscles 
can work to lietter advantage owdiig to their im])roved blood sujiply ; in 
addition ((d‘. |). 521) adr(*naline incn‘ases the force of c-oiitractiou both of 
normal and fatiginaJ muscle in response to stimulation of its motor nerve. 
Adrenaline also has a marked anti-curare aetiou (p. 522). 

•1. Blood, (i) Adrenaline stimulates the conversion of glycogen in the 
liver into glucose' which is then pound into the circulating blood. The 
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Kifi. 150 . -ICIVcct of A<ln'naline on rirculation and Kidney Function in Man. 
(C^hasis el J. din, JnvvstUj,^ 1938, /T, 088.) 

l)i{)(lraHt™=<lio<lr«st cleHniiice^mml plasma flow per minute hi c.c. Tniilin = iniilin clear- 
anre irlumiTul.'ir filtration rate in e.e. per niiiiiite. Kiltr. !•>.== Ultra tloii i'ractioiiK 
jilonienilar filtrate, renal plasma flow. It.l’.-blooil pressure; upper lino systolic, 
lower line (li istolie, preasare in mm. !!«. I’rinu-urine volume in e.c./lO minutes. 
'J'iine in minutes. 

At arrow, inje<>t 1 in«. of adrenaline siihciitAnooiisly. Jlenal plasma flow deereases 
from 0Hi> to :{7;; c.c./minufe ; glomerular filtrate U unchanged; filtration fraction 
rise.s from 10 to The volume of urine is reduced. 


hivel of the blood sugar risSt's ; if glomerular filtration of sugar is increased 
sullicieiitly, sugar is cxcieted in the urine ((jlmosuna). If the liver has 
previously been eiri])ticd of glycogen, a rise of blood sugar may still be 
jiroducetl by adrenaline cither (r/) because of stimulation of neoglucogenesis, 
or (6) owing to the eonversion of muscle glycogen to lactic acid whit^h enters 
the blood and is converted by the liver into blood glucose. 

(ii) Blood coagulation time may be diminished. 

(iii) Subcutaneous injtjction of adrenaline (e,g, 0*8 mg.) in man usually 
increases the red cell count, the hacmatocrit value (e.g. from 44*7 to 461%), 
the haemoglobin e<oneentration (e.g, from 14*5 to 15-2 g %), and the plasma 
protein concentration (e.g. from 6*6 to 7*0 g-%)- rise in red cell count 
and the related changes liave been attributed to mobilization of red cells 
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Irouj os|)(‘cially tlu' splmi. of tl)<‘ snnie innujiil udt*, howevor. 

ta.k(* place in spleiiectoniized j^atients.^ As flic plasma protein concentration 
rises to tlie same ext(‘nt as the red cells, the chan^n's may be the rt'snlt of 
simple Inenioconcentration due to movement, of tlnid out of the blood. 

(iv) By causing a discharge of adrenal corticoids (infra) injection of 
adrenaline (c.//. 0 mix.) tcmj)orarily decreases tlu‘ niimbm* of circulating 
eosinojihii leuvoci/trs (p. Itnl). The neutrophils imn-case in niini))er ; the 
lymphocyte count first ris(‘s and then falls. 

5. Kidney.— The etfects of ]u*essor doses of adrenalim* ( I mix. subcutane¬ 
ously) in man are \v(‘ll .summarized in Fiu. TV.t. The blood tlovv t hrou^xli the 
kidney is cut (bovii almost t(» lialf its ciriyinal \alue owiuix t<> constriction 
of the renal arterioles. In spile of the iliminislu'd t.olal naial blood How the 
volume of ixlornerular filtrate formed is unchanixed ; the filtration fra.ction 
(i.e. the ratio of volume of glomerular jiltrate, plasma flow) ri.ses. c.t/. from tlie 

normal to ot)'*,., indicating that, 

glomerular (‘iipillarv |)ressure. has b<‘eii 
substantially increased. The evideuc(‘ 
as a whole proves that jidr(Mialine 
constricts sp(‘cifically the glonuMMilar 
rljnrnl arterioles (cf. p. 25). The 
of urine is d(‘cr(‘ased considerably; 
this changr* must l)e attriluited to more 
com])lete ^'absorption of wat(‘r from 
the lunum of the tubuli'S into the blood. 

ti. Anterior Pituitary and Ad¬ 
renal Cortex. .Vdrenaline stimulat(‘s 
the anti*ri«n- pituitary causing the nHease 
of pituitary corticotrophin (ACTII) : as 
a result theie is increased secretion of 
adrenal corlicf)ids (p. hoO). 

7. Spinal Cord. Adrenaline acts 
on the central n<*rvous system as well 
as periph(*rally. Thus in large doses 
it diminishes muscle tom* and somatic 
refie.xes (like the kne(' jerk) by a direct 
de]»re.s.sant. action on tlie. spinal cord 
(there may lx* an initial (‘xcitatory 
action). Tij<*se effects are ind(*pendent of the a.s.sociated changes in blood 
pressure or resfiiration, and art* not due to (constriction of the V(*ssels 
supplying the cord or to afferent impulses in t he sino-aortic nerves (Fig. 4()()). 

Adrenaline may also act on tlie supraojitic nuch'us stimulat ing f lu* r(‘lease 
of AT)H from tin* neurohypophvsis. 

Site of Action of Adrenaline.- -Then^ is no doul)t that the site of 
action of adrenaline on visetna and on skeletal museh* is a per/////err/7 om*; 
thus it acts on the isolated h(*art, tin* isolated intestine, or the })lood vessels 
of the denervated limi). Its site of action is not the anatomical sympatlu'tic 
nerve endings as it can still produce its effects on viscera after thesf* nerve 
endings have d(*g(*n(;rated. In fact the. loss of the syin])athetic muve ends 
makes glands and smooth muscle respond in a rnon*. sensitive maaiiuir to 
^ Ebert and Stead, Amer. J. wmI. Sci.^ J941, 20ly 659. 



t’jc. too. Action of Adrenaline <in 
iSpijial Cord. (S<li\vcit'/,ir and 
Wright, J. lOniiioL, I9,‘J7.) 

Cat.: lieconls from above dfjvvnuanls are: 
knee-jerk (elieited every 5 neenfidH). blood 
jiressjin*, ami tinn- in :in seconds. Jtelvvi'eii 
A and li r/// nino-anrtic nerves. At cjirh 
arrow inject (j-2 irni. < 1 !' aiireiuiliiie; 
inbiiiition of the knee-jerk and deenaxed 
quadriceps tom; occurs in each ca.se. 
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iidmialiiK*, e.(f. aflnmuliiui introducHuJ into tlic conjunctival tiac dilates the 
pupil after (‘xtirpation of the superior e(*rvical ^an^rlion, but iu)t when tlu* 
nerve, sijj)ply is intact (cf. p. blO). Skiri l)]oo<l vessels similarly res])ond more 
readily to adrenaline in man after, sa.y, stcdlate fjrantilionectomy (cf. p. 309). 
Adrenaline thus acts directly on the muscle or ^land c.(‘ll ilislul to the juuve 
endings, j)r(*sumably at tin* j>oint where the chemical transmitt(‘r is released 
by sym])atlietic. nerve iinjndses (p. oOS, 722). 

The action of a<lrena,line is int.ensitied (“ pot(mtiat<;d '’) by administration 
of (‘plu'drine (p. blO) cocaim* or thyroid. After injection of large dos(*s of 
ergotoxin, doses of adn‘naline which were ju'eviously ])ressor, ])roduce a fall 
of blood pressure. 

STKca'TURK OF ADUKXALiNK.* Adrcjialiiu* and nor-adrenaline are related 
t.o tlu^ amino-acid tyrosine as shown l)v the formula* l)(‘low : 
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pr<*pi<xii<* Mcid. 




Injected adrenaline rapidly disapjjears from tlu* l>loo<l : it is partly 
dostroy(‘d by tin* (mzynu* amine ojnlase Avhich is pivsent both in blood and in 
tissues. 

Functions of the Adrenal Medulla.— So far wc* have discusstal the 
action of adrenaline from the |diarmacological standpoint, as we would have 
considered that of anv »)the,r drug. W e must now coiisi(h*F- a totally ditferent 
(pi<*stion : What does the adrenal m(*dnlla, do in the laxly ( The wvth(Kls aj 
siuily employed will hist be d<*scribevl. 

(1) lIisToiaxiiCAi.. When the adrenal is fixed with osmic acid, black 
granules can lx* seen in the medulla, which re])r(‘S(‘nt the adrenaline store of 
the gland. The changes ])roduc<*d in the adrenaline content und(*r various 
conditions can thus be studied. It is found, for example, that exfjosure of a 
small animal to cold caus<*s tlu* granules to disappear : this observation 
suggests that cold stimulates the gland to secn*te adrenaline to tlu* |)oint of 
exhaustion. 

(2) Dj'JNKKVATKJ) JIkaiit.- This pr<*paration is sensitive* to adrenaline in 
minute concentrations, c.y. as low as 2*5X10“*-^. If any change in the state of 
such an animal produces cardiac acceh*ration it can be attiibuted either to 
adrenaline secreted liy the medulla or to sympathetic transmitter which has 
ditTused into tlu*, g(*n(*ral circulation. If the acceleration is abolished ])y 
sejcjtion of the nerves to the adrenals it must have been jireviously due to 
adrenaline secretion by tlie gland. 

(3) Cross (hnoimATTON Expkriaikxts (Fig. Ibl). The venous blood 

' Blaschkn, in The H(rr?nones (od. Pinciis and Thimaun), N.Y., lOoO, 2, 601. 

® The stellate and ether ganglia supplying sympathetic fibres to the heart are extirpated 
and the cardiac fibres of the vagus arc cut. 
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from the adrenal of a. do^ (B) is drained into the eirciilation of an adrenal- 
ectomized dog (C), which serves as the test preparation. The hlood j)ressure 
and volume of an organ (e./jf. spleen or intestine) in C are recorded. A rise 
of pressure and constriction of the spleen or intestine rd* C are taken to 
indicate increased secretion of adrenaline in B ; a fall of hlood pn'.ssun^ and 
dilatation of the viscera of C indicate inhihitioii of adnuialine secretion in B. 
By these means it has been shown, for example, that a fall of blood pres.sure 
in B stimulates adrenaline secretion, while a rise of blood pri‘ssure inhibits 



Fkj. 401.—Diagram to illustrate Cross Circulatifm T(*rhni(jU(i. 

(Tournadc and Heynmns.) 

Animal A (not drawi) pcrfugea the isoloted (.arotUl fiinun rejzlon of B ; a brines 
blood from the rarotid aitery of A and b icadn lliv hlood back to the jugular 
vein of A, The oarotiil sinus of B is excluded from tiie circuiatioii tint is 
connected by ineauH of its aifereiit nerve with ti»e medulla. Blo(;il is drained 
from the adrenal vein of B into the Jiieiilar vein of the adrenalectoinlzed 
animal C. Tiie blood pressure of B and C are recorded from tiie femoral 
artery. Tlic volume chnnftes of the t-pleen of (' are rec-onled l»y means of a 
plcthy.snioizraph conmicted wiMi Ji tambour. 

secretion. Rigid proof can also be obtained in this manner tliat the splanch- 
nics are the secretory nerves to the adrenal medulla (Fig. 4f>2). 

Nervous Control of Adrenaline Secretion.— The splanchnic fibres 
which end in the adrenal medulla are f re/fanfflionic ; thtjy end directly 
round the medullary cells themselves. As might be expected, the chemical 
transmitter between these preganglionic fibres and the adrenal cells is acetyl¬ 
choline (^.c. as in autonomic ganglia generally) (cf. p. 523). When the periph¬ 
eral end of the splanchnic nerve is stimulated, adrenaline is secreted ; this 
can be demonstrated by leading the blood from the adrenal vein into another 
animal (the recipient), where it produces a rise of blood pressure and 
vasoconstriction (Fig. 402). There is probably a centre in the brain 
stem which exercises a higher control. The activity of this centre may 
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be modified by afferent impulses, especially alonj; the sinus and aortic 
iit‘rv(‘s. 'rii(* s(‘( rf.tion of adnMialino ceases aftcjr bilateral splaiicliiiic nerv(‘. 
section. 


Regulation of Adrenaline Secretion.— Continuous Secretion, it has 
hitberro been generally aceepied i hat adrenaline is not secreted under 
resting conditions. The following exfuiriments are offered in support of 
the contrary view : Adrenalectomy in the dog causes the blood pressure 
to fall ami the rate of the deuervated heart to decrease (in acute 
experiments). It. is possible to drain the blood from the adrenal of 
another animal—tin; donor B—into the jugular vein of the adrenalectomized 
reci[)ient (J, Tlie entrance of 
the adrenal blood from the 
resting animal (B) causes the 
blood f)rcssure and heart rate 
in C to rise and the spleen 
volume to decrease (indicative 
of arteriolar constriction); if 
the venous inflow from B is 
arrested the blood j)re88ure in 
C falls and the sydeen volume 
increases (Fig. bi-i). These 
obs(‘rv.‘U ions suggest that a 
tvsTing secretion of adrena¬ 
line tak(‘s place in IV It (am 
bo 1‘airly argued, [iow(n"er, 
that animal li can hardly be 
compa nal wit h a normal intiwt 
animal in vii-w of the com¬ 
plicated nperaiive ])roce(lure 
to whieh it has of necessity 
Imm'ii sn1»jeet(sl; the (pi(‘slion 
f)f (*uiitinuous secretion under 
iforntal r<*sting eonditiims is 
still undeeidcil. 

Adrenaline Secretion 
during Conditions of 
Stress. My the varioin 
methods (h^scribed above it 

can be sliown that adrenaline seen'tion is stimulated by (i) phjffilml exerlion and 
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Spl.’iiiehnic 

St‘(Teti()ii. 


Ccnilrol Ilf 
(Toiirnadt'.) 

•lit,) an* 


Adiviial 


ninials Jl (ilimur) and (' (r 
liki* n iimi (' ill i'ip;. 4iil. 

•cord-i rrmii uJiovtf downwards nro : Ulood ]in!ssuri' of 
donor a, lilooil |iri*s^uri- of adri‘tiali‘{:t()miz(.'(.l n.Tipifnt. 
iiitrsliiial Volume of n’cipient, ('. 
iMiriim fl ' pi riod marked Oy the siwiial line Ihe, splam imie 
e in 1$ is sllmiilated. ’I'here tlie usual rise of 
hloi 1 pressure in 15. .Adrenaline is secreted and enters 
tlie -ireulation of (.' and jiroduees there a rise of lilood 
j>re .lire and eonsirielion of the infe.stiiuil vessel.-.. 


(■(U'faih cinollonal states, (ii) ex/posaretoeoUi, (m) fall of oxter lal blood pressnrey (iv) 
(tsyhfxia aud cerebral anamki, (v) anxvsthesm, (vi) stimulation of afferent nerves^ 
(vii) hff'pof/li/eminia (p. hlo). The adnmaline tlius poured out acts mainly on 
various sympathetically innervated structures and enables the body to deal 
more adetjuately with the state of emergency.*^ It also causes a s(‘cretioii 
of adrenal rorfieolds which are thought to be of value in the general responst* 
to stress (p. i)47). As tlie adrenal cortex is not innervated by the sympathetic, 
adrenaline in this instance is producing effects which cannot be directly 
brought about by the symyiathetic. 

^ A Huiiden rise nf arti-rial pressure the “ resting ” exyiorimental animal reflexly 
decreases adrenaline secretion. 



EFFKC^'I' OF STRESS 


The value to the orijanism of the acJreuiiline st^ereled in tht‘S(‘ states 
should not l)e overrat.(*d. Tlie syiupatliotie acts hy releasing adrenaline or a 
similar substance at its posti^an^lionic ends: as nii^ht lu* anticipated, most 
of the |)criph<'ral ctfecd produced by adrenaline can }>e ]u*oduced just as readily 
and elfectively by stimulation of sympathetic ncrvt‘s. The ai)seTice of adrena¬ 
line sc(‘retion in tlu' otherwise intact animal in no way impairs its ability to 
withstand states of stress. S(‘cretcd adrenaline has th<* disadvantaire of 
actintr on all sympathetically innervated structun‘s siniultan(‘ously : the 
sympathetic innervation, on th(‘ contrary can be “ fractionated,” /.c. certaiTi 
organs may l)e afl\‘cted and not otliers, or (lilfcreiit organs may even be acted 

upon in differenr dinn-tions. As 
symf)athetic nervous activity is 
•^tmerally acconifianied by 
atlrcualim* secretion, the latter 
r(*inforces what is already 
happening: it acts lilv(‘ the loud 
pedal on the piano. Finally it 
must be (‘inphasized that- all 
emotional states ar(‘ Jiot 
necessarily acconij)ani(*d by 
sym[)atho - atlrenal oviu’action ; 
in some of these* states the 
parasymf>a1 hetic is ov(*ractiv(* 
{]). lUi-J). 

Some of the conditions in 
which adrenaline is secndtal are 
dis(‘usscd more fully below. It is 
jirobable that the irhalr adrenal, 
cort(‘x as well as medulla, is con- 
cermsl in the r(‘Sju»nse to 
stress,'’ usine the* t.(‘rm to 
inclmh* a wide ranee df conditions 
whicli t(*nd If) liarm the oreanism 
(p. bl7). Tie* secr<*tif»n f)f adrf‘fial 
rorf(‘voids in these stat(‘s has bf*en 
(‘stablished bymaTiy (*xj)(‘riniental 
tf*chni(|ues. 

Fiivskval AM) Emotion At. 
Sthmss. -Tlie. pn^sencf* of a f)ark- 
do^^ may imuease tlie rate of tlie cat's dcn(‘rvated heart by about 20 b(‘ats 
per minute ; if tluj animal becomes mtenseJy excitcfl and (iisplavs vigorous 
movement, tlui incr<*ase may be 30-80 beats per minute. After an ex])Osur(‘ of 
one minute s duration to a barkine doir, the cardiac acjceleration may persist, for 
as lonjr as 20 minutes (see Fi«£. 4()1). Even sli^^dit mov(*ments, not associat.(‘d 
with (unotional disturbance, or tlu* act of walkinji;, may cause an acceh*ration 
of 5* 20 beats [)er minute. Tf the experiments are repeated after denervation 
of th(‘ adrenals, the variations in jmlse rate obtained are about 5 p(‘r minute. 
The above observations illustrate that even trivial activity is acconijianied by 
Hcjcretion of adrenaline, and that once secretion is set up it may long outlast, 
the stimulus that gave ri.se to it. Tlie adrenaline thus poured out may be 
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Kic. -Uilt ('mitinijinis ,Sf‘crctjon of’ Aflrcnatino, 
(Teurnadc.) 

'J'lu- .111 in ini's 11 ((liindi) niid C ) ;iri' 

lip liixi- iiiiiiiiiil.*- n and ( in l-'i*/. •Uil. 

Cfic rrrords from almvc downwards an- ■ Mood prrs>uro 
or donor 11, Moofl pr«><nn; of adr«*nal»-f'fonii/i-(l 
r(*ri|)i».‘n(. C, atnl >|ilrnic \olniui- of ('. 

llctwfcn tin* point> niark)-d l,y tin- arrows the nnasfo- 
inosis In-twocn tin* adrenrii vein of il and tin- jiiunlar 
v< in of C was f» inpoiaril\ f losftl. As no adrenaline 
entered the einulalion of C tln^ lilt»od pressure 
fell and thf: splenie vojiinie inereasod (evideneo <.f 
vasodilatation). 




Y.VFKCT OF FOLD 


to ]K*rforin tin* followiiit; functions : (i) Jiid the rodistrihutioti 

of l)l«)()(l in t.lic body to llio activt* imiscias: (ii) inorcasf* tli(‘ foroo ;u)d r{it(‘ of 
the and lljt* (‘oronnrv blood How, and thus rnablo tlu* lj(‘art to cope 

l)ct tor with tin' lart^rr vruious roturii ; (iii) mobilize liver inid provide 

^lueose for th(‘ aetive tissues : (iv) diminish fatigue in sk<‘h‘tal musele (p. 521) ; 
(v) in some species (i>ut probably not in man) increase the oxy^^eii-carryiii^^ 
povv(‘r of the blood by discliar^infr tiu* re<l cells stoj'cd in the spleen; (vi) 
relaxation of the bronchi (facilit-atin*; vtmtilatiiui of the a.lv(*oli), dilation of 
the piij)ii, and closun* of the spliincters, may be oilier (dfects of value, to tin* 
or;^anism. Ibit as already exjilained tlie response to such stall's of stiess is 
little impaired in animals aft.er (*xelusion of the adrcmal medulla, and even 
after coniplet.e synijiathectomy. 



Fin. 4t»l. Adit'iialiiH* Scco-i ion as a llesult of Kinol ien. ((•aiiuon ami lirittoii, Anir.r. J. 

j*hjfsinL^ in27.) 

Dencrvated lieurt prcuaratifui. Cat <*xcit.nd by barking do*; for 2 iniiuifes. thru rruiovrd from cajre and 
rented quietly on a niHliion. With adrenals ina<*tivated by ilenervation, there was only a sliizht Inerease 
in heart rate, which rapidly subsided. With aetive adrenals there was a taster heart rate, which 
perslsU^i for over 20 minutes thoU|i!ti tlie eat was exeited for only 1 minute. 

Kxi’oscrk to CoiJ) (ef. j>. -ISO). When a eat is exjiosial to a eurrent 
of cold air or if cold water i.s introduced into tlie, stomach, the rate of 
the dcnervat(‘d hc.art incmiscs l>y 10-;33'‘o ; if the experinumt is repeated 
after inaetivation of the adrenals the rate dimnnsltes beeause ol iJie direct 
(dfect of cold on tlu' heart. (d<*arly, adrenaline is secreted under the cirenm- 
stances of the exptM’iment and iielps to maintain body tenip(*ratur(* ; it 
pn^surnablv sfinmlafes cvJhilar ractnbojism and increases beat formation, con¬ 
stricts the skin ve.ssids and so diminislics lieat loss, and mobilizes liver glycogen 
to provide (*.iH*Tgy. Adnuialine se.irretioii is the. primary delicate reaction 
to cold ; shiv(*ring is tlie second grosser compensatory meidianisin. Cannon 
express(*s it t hus : from t in* standpoint- ol tein|)eratiire ri'giilation, adn'iialiin* 
se.cri'tion is a “ line adjustment, shivering a “ coarse adjustment.* 

^ A houl, of Mhiverinjr may give rise to n siuklen intense ineroase of the metaholism, 
«.f/. to UO or ii]>ove normal. 
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Ai^rknal and Blood PrtESSURE Rfau’latiox. —Adronaliiu' secretion is 
adjusted to assist in steadily mtiiufcainin;>[ tlie normal resting' blood pressure. 
Thus, if the blood pressure is lowered by liamiorrlia^e or l)y stimulation 
of the perij)heral end of the vagus, adrenaline s(*cr<dion is incn^ased ; if 
the blood pressun? is rais(*d (for examjde, by injectif>n of a largt^ volume of 
blood) the secndion is arrested. Even very slight chang<‘s in the bhtod 
pressure may appropriately modify the rate td adrenalifie s(‘eretion. 

The secretion of adrenaline to help stabilize the blood juessure is reflexly 

D'gulated by the aorti(? and sinus nerves ; 
neither the adnuial glands nor the bulbar 
centres contrt)lling them are acted on directly 
by the level of the blood i)r<*ssure. 

At rest, the aortic and sinus nervals exiu t, 
in the main, a tonic iidiibitory inHuenc(‘. over 
adrenal activity ; divisirm of tin* sino-aortic 
nerves results in increased adrenalim* secretion. 

Adrenal Medulla Tumour (Phseo- 
chromocytoma).* -In this (lis(‘ase then^ is 
tumour growth of tin* cells of th(‘ adrenal 
medulla, which from tim(‘ to time secnde large 
doses of adrenaline.” - The changes prodneed 
in an attack are in tin* main thost* that might 
be expected from the. known aidions (d’ 
adrenaline. Tliere is se\eie palpitation “as 
tliougli tlie lieart would Inirst thnnigh tIn- 
ribsthe ymlse rate is rapid, c.//. I2() ))er 
minute; there i.s intense eulaneons vasocon¬ 
striction ; the hands ainl face an* cold and 
pale (.sometimes blui*); tlieri^ may be j»ndhs(- 
and drenching sweating; tin* blood pressure 
may rise up to mm. IJg systolic and 

*20(J mm. Ilg diastolic* (“ liyjx'rtensive crisis”). 
The pupils arc*, widely dilated and do not rc'act 
to light. The l)reathing{inn?xpect«*dly) becomes 
decip and rapid and there jnay be ln*a.daeh(‘, 
nausea, vomiting and considerable, tremulons- 
nciss. As the attack passers olf ilusliing sets 
in and the blood pre^ssnn* falls * to normal in 
early cases, but not in chronic on(‘s. In the 
latter, progn?s.sive stru(*tural changes develop in 
the blood vessels especially those in the* kidin*y 
(ultimately producing renal failure) and in the retina; tin*. (■ljfing(‘s resemble, 
those found in malignant hypertension (p.35d). Systemic venous blood eolh'cted 
during such a»i attack has been shown (by fjerfusion and other methods) to 
contain an adrenalincAike substance. In the case illustraled by Fig. Bio 
removal of thfi tumour restored the blood pressure to normal and the adnuialine 
disappeared from the blood.^ 

These tumours may contain both adrenaline and nor-adrenaliue in large 
' Wilkins a/ fl/., yJ rc7/. ini. Mfd.y 1950, ol. Culkintir.l al.yJ.riin. h'ndocrin.y 1950, 10. I. 

" Adrenaline ” —adronaline+rior-adrcnaline in varying propr)rtioris. 


-CONTROL 

—— ph/eochromocytoma 



Fic.4t)5. -Adrenaline in the Blood 
in Adrenal .Medulla Tumour 
( ) * h a- o c h r o rn o e y t o in a). 
(Prinzmetal et al.y Ann. tSurff., 
1937. J6.) 

IMjisim!! \va< collc'ctcd durinji an aft.'wk 
of liyi»(‘rl*‘nsioM in tlir 

|in-^si]n* Wii.s :{()() jujn. hy.stnlif and 
tiiiii. di.-i>if<ilic. If wM.s jmtIu.simI 
throUi.rh tin- Mood \'tss('ls of a 
rahhit’s rar tluriim tJir pi.-rkMl 
rti.’irkcd On- t}iick<‘tn‘<l line <ni tijr 
tracing, and On- fMTf'ii.-<ion pressfjrp 
edoti}' Ou- onlinatr; r«-(.-ordf d in <-.m. 
iliO. A riv ot in-rfusion pn-ssun* 
indioates vjiso^-oii'itrk-llon. Nolr 
fh(‘ marked eonstrietion that was 
oldaiin-d on eai-li orea.siotj ; ri- 
Ia.\ali(»ii occurred wlnni )ila.snui from 
a normal cmitrol sul)je«;t was 
suhstitnled. The constrictor effect 
was aholi.-tiicd f;y cruotainine (as is 
the case witfi udrcnaliiK-). l-VdlowifiK 
nunoval of rh<? tumour the blood 
prc?>.s»irc fell lo and the 

plasma save nc>'ativc results. 'I’hc 
tiinuMir conrained adrenaline. 
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amounts, but tbo ratio between tlu^ two substances varies widely. Adrenaline 
and nor-udrenalinc are excreted in corresi)ondin^ proportions in the urine.^ 

viscKRAL affp:rknt NEURONES.2 


cover a. wider li(‘ld than is indicated ])y t 
pressure-receptors and cheinorecef)tors. 


The topics to be considered 
title of the, section. Tli(‘y includ(‘ : 

(1) Pliysiolo,i»;y of the. vascailar 

(ii) Cutaneous hyperal^(‘sia. 

(iii) R(*feiTe(l j)ain, tenderness and 
rij^idity from d(‘(‘j) somatic struc.tures. 

(iv) Tain of cardiac isclnemia.; 
jnetdianism of iscrluemic ]iain. 

(v) Sensibility of pleura, pericardium 
and periloneuni. 

(vi) Sensibility of abdominal viscera.. 

Tlie visceral alft*rents are (diiidly 

in<‘dullat(‘(l tibn‘s of varying size with an 
admixture of unmyelinatecl fibres, all of 
which hav(‘ tlndr cell bodies in t-he dorsal 
root^au^lia or their cranial homoloeues. 

Afferent Nerves from the Aorta, 
Great Veins, and Heart.—(1) Aortic 
(“ Depressor ”) Nerve, — Some fibn^s arise 
in the adventitia of the arc?t of the 
aorta (and the Ijeginninji: of its inain 
branches) in sensory endings which 
resemble tho.se found in the carotid 
sinus (]). 7tM) ; some fibres may also 
come from the wall of the left ventricle. 
The aortic fibres reach the TiHKlulla 
oblongata mainly in the vagus trunk. 
The receptors in the aortic wall are 
sensitive to changes ill the blood pressure, 
and send u[) imjiulses wliicdi reflexly 
regulate blood pressure, heart rate and 
rhythm, adrenalim' secretion, and pul¬ 
monary ventilation (p. 738). Other libn‘s 
arise in the aortic bod// which lies near 
the aortic- arch; it re.s<*mbles the carotid 
body in structure and likevvisi* functions 
as a chemoreceptor (p. 738), (Fig. 4()()). 

(2) Afferents from Great Veins ,— 
Afferents arise from the roots of the 


RESPIRATORY CENTRE 
VASOMOTOR CENTRE 
CARDIAC CENTRE 
ADRENAL CENTRE 



Fio. 4(U).—Afferent Nerve.s of Cardio¬ 
vascular System. 

S.V.C., l.V.C’.- siipprior aiirl infmor veim (•■•iva. 
.Note tho alforrrit libn>s arising from tiio «;'nroti<l 
sinus uu«l cnr(»ti(l body, Uio aortic arcli, 
aortic body, and superior and inferior vemc. 


ravcB. 

^ and Euler, Lancet, ii, 19.^)0, 3S7. 

liurst. Sensibility of Alimentary Canal, London, 1911. Mackenzie, Symptoms and 
their Interpretation, 4th edn., LondoTi, 1920. Hanson, Physiol. Rev., 1921, 1 , 477. Mot l(*y, 
Abdominal Pain, Edinburgh, J93J. Capps, Clinical Study of Pain, New York, 1932. 
Schweitzer, Irradiation Autonomer Reflexc, Jiaslc, 1937. Lewis, Pain, New York, 1942. 
Symposium on Lain, Res. Pnbl. Assoc, nerv. menf. IHs., 1942, 23. 
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superior and inlerior veiite cavfe and pulmonary veins (Ki«:. Ifn) (iuid perhaps 
from the right auricle), and j)ass in the vagus nerve to the nu‘(iulla. These 
fibres retlexly adjust the rate of the heart to variations in tlie venous return 
(p. 272) ; they also lefiexly afiect res])iration (p. 101). 

(3) Afferoits from the Heart .—Large ailenMit medullated fibres pass from 
the heart in the middle and inferior cervical branches of th(‘ svmpatlietic 
to the corresponding ganglia and thence to the upp('r two thoracfic ganglia ; 
other fibres go direct to the upper thoracic ganglia. The aflen'iits thcMi travel 



Fi(j. 4i»7.—Oi.stril)ijti<)n cW Ant*ri.*ul 

(rcccjaor) jneas on A'erioua side of 
Cirenlatirjn. (N()iiid<'z, Amcr. J. 
Annt., mi, OJ.) 

Posterior suriiiee of heart showin^i (sti}i])le(I areat?) 
extent ol receptor areas on tenninal portions 
of superior v(!na cava (S.N’.C.), inferior vena 
cava (l.V.C.) ami pulmonary veins (p). Xo 
niCf:[»tors are ibuml in tfje auricles themselves. 



Fig. 40S. -Afferent Nerve Supply of the fieart. 

S.C.(f., M.C.fi,, 1.1“Superior, middle, and inferior 
cainjlia of I'ervical wympalhctie; C.l'.r.--eommuiiif.at* 
ing hranch hiawetrn rami fnirn 1st and 2nil tlamieic 
piiiuliu; Isl, 2m}, 3rd, 4th 'I'h. - white rami from t.ho- 
racir .sympathi-tic f'an>;lia to eorrt'sjHimiin;^ spinal 
nerves t.o enter dorsal mu’Vf! roots (Si’.Jt.) ; Siiji. 
Card., Mhhlle Card., Inf. Card, —LSiiperior, rnidille. 
nml inferior cardiac hruuehes of the cervical symiia- 
th«*tii\ 


in the wliite faini to join tin* iip]>or iour (or more) tJionii'ic dorsal nervf'; 
roots, and tliiis enter the s]>inal cord (Fig. HiSj. Tliese a.Hcn*nts subserve 
pain sensibility. The njferred pain in angina pectoris (j>. TbO) {uul coroniiry 
disease is felt in the arm and chest, chiefiy in the di.stribiition of the (fightli 
cervical to tlie fourth thoracic dorsal roots. According to Lc'riche, the 
anginal syndrome may be reproduced in man by stimulation of the stellate 
ganglion ; further, injection of procaine into tlie ganglion may arrest a 
spontaneous attack of angina. 

Carotid Sinus.i- The carotid sinus is a dilatation normally present at 
the bifurcation of the common carotid artery ; in man it is usuailv restricted 

» Heymanfl, Bouokaert, and Regniors, //€ »^inuA Carotidien, 2ti(\ cdri., Paris, 1933. 
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to the lirst pjirt of tin*, internal cfirotid (Fi^^s. KVJ, 170). Lyin^ in th(‘ wall of 
the sinus betwetui the wliite fibres f>f the advcuititia are charaetfuistie s(*nsory 
n(*rve endin<^s (Fiji. 471). They have tin* typical structure of .s/rc/c// receptors 
and rescunble thos(‘, found in the aortic, andi and in t(Uidons. Like the aortic 
(‘ndiiif^s, tin* sinus endijitts respond to alterations in the level of the blood 
pressure. Tlie afferent fibres from the sinus f)ass mainly in the glossojdiarvji- 
Jierve to the nu'dulla.. 



Kio. 4(»it—AiiaOuny of Oaro- 
lid Sinus. (Do (’astro, 
Trar. Lab. Jiech. 

1U28.) 

Bifurcation of common carotid 
artery, showing carotid sinus as 
dilatation on origin of internal 
carotid artery. + : position of 
sensory nerve endings, o > : 
regions rarely or slightly inner¬ 
vated. 



Kk;. 47U.--Soot ion tlimiio;!) ('ar(»tid 
.Sinus (Ih* (Castro, Trar. 

Lab, lii-cL lilol., 10-JS.) 

l.ongitndinal section of lafuruution of common 
carotid artery. Note the carotid sinus— 
the dilatation at tl»e connnenccmcnt of the 
interual carotid artery, roints marked -h 
arc regions of inaxiinuui sensory innerva¬ 
tion. Ti»c sensory nerve endings can i)e seen 
Ml lie deej) in the ad vent it hi. At puintii 
marked t) nerve endingH are rarely |)n\sent. 



Fig. 471.—Sensory Nerve endings in Carotid Sinus. (I)e ("astro, Trav. Lab. Beck. 

Biol, 1928.) 

Sensory terminals (b, c) lie between white fibres (a) of adventitia. 


24 
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CAROTID AND AORTIC RODIES 


Carotid and Aortic Bodies.^ —The carotid body lies at the carotid 

bifurcation near the carotid 



sinus: the aortic body 

lies in the thorax between 
the pulmonary art(»ry and 
the ascendiii" aorta. (Fi^. 

Both bodies are 
richly sup])lied with blood 
from sj>er‘ial arteries ; tli(‘ 
structure and functions 
of both are identical. They 
function as chcmorcccptors 
sampling eiianges in tlie 
chemical coin])Osition of 
the blood. They are a ffected 
by alterations in (’Oo and 
(>2 tension, 11' ion concen¬ 
tration, and the pr(‘senee of 
certain drugs like nicotine, 
acetylcholine, and cyanide. 
The afferent impulses arising 
in these bodies reflexIv 


Kkj. 472. Stnictiire of Carotid body. (Do Castro, Tmr. 
Lab, Itech. iiiol.f 1926.) 

d —Modullated sensory tlbres ending in intimate relationship 
with the epithelial cells of the carotid body. 


modify respiration mainly 
(p. 745), and the cireulafion 
(vasomotor tone and heart 
rate) to a lesser degree. 


The carotid body consists of masses 
of glandular-looking cells arranged in 
characteristic cluin])s (Fig. 172), The 
nerve sup{)ly is very rich; there are 
numerous afferent filaments which 
lie close to the gland cells and 
the internal lining of the numerous 
vascular sinuses. They are thus well 
placed to detect alterations in th<‘ 
composition of the blood (Fig. 473).*^ 
Functions of Carotid and Aortic 
Sinuses.—(1) Rcsulta of Stimulation 
of Aortic or Sinus N ervGS. —Stimulation 
of the central end of the aortic nerve 
(or the central end of the vagus nerve, 
which contains aortic fibres) usually 
reflexly slows and weakens the heart 
and lowers the blood pressure (Fig. 474). 



Fig. 47.*i. — Irmervation f)f blood \'«sho1s oI’ 
Carotid body. (Do Castro, Trav. Lab. 
Hec.h, Hiol.y 1920.) 

Afferent nerve endings in the adventitlaof a small 
blood vessel lii the carotid body. 


^ De Castro, Trav. Lab. Reth Bid. In^t Cajal, 1926, 24, SS.'S. 

^ The large 'peripheral arterie.s have numerous sensory endings (some unencapsulated, 
others resembling end bulbs) in the adventitia, leading to mcdullated afferent fibres. 
Perfusion experiments on the isolated innervated hind limb show that these endings do 
not react to pressure changes but respond when irritant solutions are employed ; they 
probably subserve pain sensibility. 
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(i) The slowing of the heart is mainly due to reflex stimulation of the 
vagus nucleus, increasing the discharge along the (efferent) vagal 
cardio-inliihitory fibres. After bilateral vagal .section or injection of atropine, 
only slight reflex slowing is obtained (because of iTihibition of sympathetic 
acc(*l(irat()r tone). The aortic reH(‘x thus emj)loys the antagonistic, nerve 
supply of the h(?art. sf/nciyistirallii to produce the (h^sinul effect, v.c. the 
vagal inhibitory fibres are stimulated and tiie syni])a.th(;tic accel(‘rator 
fibres are simultamamsly depr(‘s.sed. 

(ii) The fall of blood pressure is due (a) to dec.r(‘as(M] (atrdiac output, and 
(/>) to inhibit ion of t he rmrmal tonic discharge, of the vasomotor cejitre, letnling 
to generalized vasodilatation and conse(|Uently to a dccn*ase in |)<‘ripheral 
resistance. Wh(*n tin* (airdiac effects are excliide<l l)y vagal s(*(*tion or 
atrof)ine, central stimulation of the aortic n(‘rve still ])ioduces a fall of Idood 
f)ressur(^ (Kig. 475), which is less mark<‘d because* it is due* se>le*ly to vaso- 
dilatatiem.' The se‘cre‘tion of adremltnr may also be? arrested (cf. p. 731). 

mm. 
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60 
40 
20 

I'lc. 474.—R.i'llex RITccts on Pres.siiro anrl Heart Itati* prodeiced hv Stimulation 

ol (’Jcntral Knd of Nrrvo in tho Dojr (l>et\vi'(Mi points 1 and 2). 

(Schweit'/.or, Irradiation Aidononier Uefkxe^ IJasIi*, 10117.) 

Ni)t<; fall of blood pressure and extroirie cardiac slowint?. Time in seconds, ('i'he individual heart beat.s 
caimot be seen during the control period owing to the high heart rate.) 

The aortic reflex illustrates certain features of re*llex inhilution in the 
autonomic system (f)articularly iTcniitment and afte'r-discharge').*'* Increasing 
the freepiemeiy of st iinulatif>n applieMl f.o the ce*ntral einl of the vagus increases 
the rate and extent of the fall of blood ]»ressure, and sometimes prolongs the 
duration of tlie recovery j)rocess (Fig. 475) : similar eff(‘cts are ]>roduced 
by increasing the sfrenfjth of stimulation. Prolongation of the dnratihn of 
stimulation increases the extent of the fall of blood pressure (cf. Fig. 340). 

Sometimes central vagus or aortic nerve stimulation may produce a 
pressor response, consisting of reflex cardiac acc(*h’ration, and vasoconstriction 
from stimulation of the vasomotor centre ; the blood pressure rises. This 

^ For the methods employed for studying changes in the peripheral circulation, cf. 
pp. 304 et seq. 

* Wright, ,7. Physiol., 1928, 16, 387. 
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STIMULATION OF C’AIIOTII) SINUS 
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t*x]M'rinu>nt provos (Imt is iin iidinixtiin* dI sonu‘ pn'ssor (excitatory 

ail'cn'iit) tibrcs the far more numerous depressor (inhibitory allerent) 

libres in the aortic nerve (cf. p. These [iressor allerents come irom 

chemon'xrpior endings (and 
not from [)ressurt‘-receplors) 
(|). 740). 

Stinmlatioii ot‘ the sinus 
luTve produces riNsuIts 
idiMitical with those described 
above for tlie aortic nerve. 

(2) I\lf(Tfs of Stinrulafinii 
\r.rrc Kndi}njs in Carotid 
Sinus, (i) Tlie sinus nerve 
endings in man can be stimu 
lated by a]>])lying external 
digital pressuriL Sucli com¬ 
pression produces t he expecte,d 
redlex cardiac slowing, 
vasodilatation, and fall ot 
blood pressure. V(‘ry marked 
slowing may be obtained 
in arterio.sclerotic subjects, jirobaldy because the. sensory endings an* pi-essed 
against the harderu'd media and so receive vigorous stimulation. Sometimes 
complete cardiac arnjst mayresult (and syricopa! symptoms devi'loj)), or various 


TIME in ?: 

ii . 111111 . 1 1 . 1111 


mmiUtumi 


-Kic. IT.'i. ijii Aortio I)e})rf.ssor Itctic'x of 

liicruasing IdiMjiiuMuy ol iSliimihitien. (Wright, 
J. Physiol.y lUliS.) 

Cat. Oo^'orobratc. lU^lit va|j;us cut. Stimulate left central 
vagus; stimuli are approximately oi equal duration. 1st, 
8 double shuck.s })er second; 2ud, 2 d.s.p.a.; 3rd, .50 d.s.p..s. 
'time in 2 sec. 'I'lnr aligJit fall of blood pressure uhicli 
lireeedes tbe second stimulus is due to slight puiliug on the 
uerve during the adjustment of the electrod*"' 



Flo. 47<).— EtTcfts of Carotid Sinus Coiiijire.s.sion on Hainan Heart. (Ward and Wright.) 

Idcctrocardiograpliic. rcc()rds (Lcinl II.) in a man with marked thiekf'iiing of the earotid arterie.M, Diirini; 
the pt'riod between .siuoialliim " on ” and ’* oil'" the carotid !-imis \va.>* irompressed. (Upper re«-ord. 
left .side ; lower reecad, rieht side.) 

In the Ufiper record, lade tran.sieiit complete heart bha k arul slow iiiL' of the aurieiiliir wiive.s (I*). In 
tbe lowfT reeonl, ii«>te ma.rke<| proloneatimi of the I' II interval indicating impaired condiietion 
in the buruile of His. (Cl. Figs, hil, 1(12, pp. 2M3 et anj., illustrating elinical heart block.) 


grades of heart block may ho ]>rodueed (Fig. 47f)). Attaciks of paroxysmal 
tachycardia (p. 2!)0) may occa.sioiially be arrested for a short time in this way. 

In some patients the sinus nerve endings may be so hyperexcitahlr. that 
the slightest pressure on the skin arrests the heart and produces loss of 
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consciousness and epileptiform seizures.^ Denervation of the sinuses abolishes 
the attacks. 

(ii) 'j’lie carotid sinus endinjjs can be stiimilated umler comparatively 
[)hvsiological conditions in suitably planned prrJumoH exp(‘riments. The 
technique is as follows : One cannuia is introduc(‘d into tin* distal (md of the 
cut ct)nimoii carotid artery and another into the central end of the external 
carotid artery (or its lingual ]»raneh). The internal earoiiti artery is tied 
off beyond the carotid sinus, as are all l>ranches arising between the [)oints 
of inserti(n» of tin; cannula'. The nerve supply of the sinus is preserved. 



Fk;. 477.- Reflex Elfcet s of Hise. of Carotid Sinus Pressure on Cireulation and Respiration. 
(Heyman.s and Rouekaert, ./. Fftysiol.) 

R — Ilecord of respiration; n.T’.^niood pressure; 8.P.==^Pressure In isolated Innervated carotid sinus. 
During the period a ft (Indicated l>y arrows) the carritid sinus pressure was artlflclally raised. Respira¬ 
tion was rctlexly inhibited and the systemic blood pressure was reflexly lowered, (liotli vagus 
nerves had heeri (uit.) 

Tiu», pressure in this carotid hifnrcaiion preparation^ or isolated carotid sinus 
preparation, as it is more usually called, can be varied l)y perfusing it from 
a ])ump or from the eirculatioii of another animal, if the latter teehnique 
is used the central end of the carotid artery of the donor (A) is connected 
with the distal end of the carotid of tin* recipient (B), and thus to the carotid 
sinus region. The blood is returned to A by anastoinozing the second cannula 
in B with the central end of the jugular vein of A. The effects of varying 
carotid sinus })ressure in B on various funcl.it)ns in tin* animal, ep. heart rate, 
arteriolar tone, adrenaline secretion, respiration, action })otentials in tin* sinus 
nerve,, skeletal muscle tone, and general viscseral activity are carefully studied. 
(3) ItJJfects of Changes in Sinus Fressure, —(i) A rise in sinus pressure 

^ The vaguH nerve trunk in man (unlike the carotid sinus endings) is eomparatively 
inoxcitiible to inochanical stimulation. 
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produces reflexly : (a) slowing of the heart, (h) widespread vasodilatation, 
and consequently (e) fall of blood pressure (Kig. 477), (d) diniiiiished adrenaline 
secretion, (e) de[)ression or arrest of respiration, (/) diminished tone in skeletal 
muscle, (<y) vis(!eral changes, c.//. increased gastric tone and movement, and 
decrease(l blatlder tone (Fig. 478) resulting from the altered level of activity 
of the autonomic mu’ve su])f)ly of these organs. 

(ii) Study of tlie sinus luuve action potentials shows that as tlie endo- 
sinusal pressure risivs their frtMpiency nicreases (Fig. 479). As many more 



Kkj. 478.- Kf}V‘(.ts of lljiisiiiti: 

Careti<l Sinus Pressure on lUiuldrr, 
Stornaeh, and Plood IVessure. 
(Selnv<‘itzer, lU.Tt, 

Records Irom above downwards are urinary 
bladder pressure (HI,); blood pressure 
(IM*.); niovernents <d' stoniaeh (St.); 
sif^nal, time lii secronds. At the 
the isolated innervated can>tid sinus was 
distended at a pressure of inm. Ilg. 
Note reflex fall (jf bhit)d pressure aiul 
cardiac shiwinsj; (greater excursbins of 
mercury), diininiitioii of bladder tone 
and increase in gastric tone and move¬ 
ments. 



A 


B 


C 


D 


Pro. 471). Alfcront Jiu|)uls<‘s from 
a Singh* Knd Organ in tin* darotid 
Sinus SlirnuIaU'd l»y stiady Pros- 
sun- witljin t lie Sinus, { Hronk and 
Stolla, .h//e/*. Jl*hysioL^ P.K}"), 
UO,) 

In A the .sinus pressure is 40 inni. Ilg 
„ B „ „ ,, hU „ ,, 

„ C .. 140 „ „ 

„ 1) .. L'OO „ 

N<ite the increase in Die frequency of the 
disclmrge us tiie i)r«;ssure in tlic sinus 
is raised. 

Time marker--0-2 seconds. 


impulses thus arrive at the bulbar centres per unit time, they should produce 
the same effects as increasing the frequency of artificial .stimulation of the 
nerve, i.e, a greater reflex depression of the circulation and greater alterations 
of other affected functions ; such indeed is the result observed. 

(iii) When the pressure in the sinuses is artificially lowered the reverse 
effects are produced, i.e. cardiac acceleration, increased cardiac excitaliility 
and development of irregularities due to extra-systoles, vasoconstriction, 
rise of blood pressure, increase in rate and depth of respiration, increased 
adrenaline secretion and changes in gastro-intestinal tone and movements. 
The action potentials diminish in frequency. It should be emphasized that 
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all the physiolof^ical effects described are due to removal of the tonic inhibitory 
afferejit im])ulse.s in th(; sinus nerves. 

(iv) Occluffion of tlui common (5arotid arteries in the intact animal produces 
similar results 480, A). These are not dm* to the associated cerebral 



Kia. 480.—Uoflex Kffe(*t.s of Occlusion of Common (\arotid Arteries on Blood Pressure, 
Heart Rate, anti JicMpiration (Carotid Sinus Reflexes). (Hovmans and Jiouckaerl, 
./. Physiol,, HUH.) 

Kxxieriiwmt on clog : (rhloniloHe. Aortic nerves cut. 

Records from above downwards: Time in 3 seconds; R: respiration (inspiration =* upstroke); figures 
below record denote rate of breatliing per minute ; B.P. : arterial blood pressure. 

A. Between a and b occlude common carotid artiTies ; fall of pressure in carotid sinuses produces increase 

iu rate and depth of respiration, rise of arterial blood pressure, and increase in heart rate. At b, release 
arteries : sudden distension of carotid sinuses rcfloxly causes temporary inliibition of breatliing, 
slowing of heart, and full of blood pressure. 

Both carotid sinus nerves cut between A and B. Blood pressure rises from 190 to 280 mm. Hg, and 
heart accelerates; breathing iricrcHScs in rate and depth. 

B. Between c and d repeat occlusion of common carotid arteries : no change in ros])irAtion or heart rate ; 

slight mecluiuical increase of blood pressure. At d release arteries: slight mechanical fall of blood 
pressure. 

anteuiia. If the arteries are occluded following section of the sinus nerves, the 
changes produced are negligible (Fig. 480, B).^ 

1 When the blood flow through the carotid body is reduced the cheftwreceptors are 
stimulated, reflexly raising blood pressure; this factor contributes to the rise of blood 
pressure produced by lowered carotid sinus pressure or carotid occlusion (p. 746). 
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The high degree of sensitivity of the carotid sinus nerve endings to small 
internal pressure changes is discussed on pp. 273, 312. 

(4) Effect Hi of Section of Sino-Aortic Servcii, (i) Heart Rate. —S(*ction of 
the sinus or aortic nerves alone usually results in cardiac acceleration. This 
proves that normally they exert a tonic afferent inhihitory influence on the 
resting heart rate ; in terms of the main part of the cardiac centre this means 
tliaf these afferent mu'ves reflexly. tonically stinrujatc the cardio-inhihitory 
caaitre and increase the <liseliarge id* impulses along the vagi to tlie heart. 

All four vaso-sensory nerves may be removed simiiltariooiisly in acute 
experiments, or by means of a two-stage operation in animals that are 
allowed to survive, so that the chronic effects can be observed. Tlie hea.rt 
accelerates to the same degree as if the vagi had biMUi divided ; subsequent 
section of the vagi produces no further accelination. These experiments 



A ^Normal range of blood pressure in rabbit (mean 90 mm. Tig). 

B — Range of B.P. aft«r division of sino-aortic nerves on one side (mean 110 mm. Hg). 

C —Range of B.P. after division of siuo-aurtic nerves on both sides (mean 166 miu. Eg). 

j)rove that resting vatjas tone is wholly refiex in origin and dejiends on afferent 
impulse's along the sinus and aortic nerves (cf. p. 270). 

In these “ deaffereiited ” animals marked cardiac irregularity may be 
present, usually consisting of runs of extra-systoles arising from the right 
or the left ventricle, or from both. In acute experiments fatal ventricular 
fibrillation or pulmonary oedema often develops. The irregularity is abolished 
by section of the cardiac sympathetics or their paralysis with ergotamine; 
the cardiac irregularity is thu.s due to overactivity of the sympathetic inner¬ 
vation of the heart. These results indicate that the sino-aortic nerves 
normally exert a tonic (afferent) inhibitory effect on the cardiac sympathetic 
and thus help to maintain the normal cardiac rhythm. 

(ii) Bhod Pressure .—If both sino-aortic nerves are cut in an acute experi¬ 
ment the blood pressure rises markedly, owing to increased vasoconstriction 
resulting from release of the vasomotor centre from tonic inhibitory impulses, 
and greater adrenaline secretion. If the nerves are removed in two stages 
(separated by several weeks’ interval) the animals may survive for long periods 
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and devolof) persislenf hjjwrUmfiion. Exf)eriiiio.nfcs aJon^ lines liav^e 

been [)errf)rrned suceessrully in the rabbit, rat, d()j?, and in(>nk(*v, and with 
similar resnlts. In the rabbit, for example, the average rKnanal l)]oo(l jjressnre 
is IK) mm. flj^.; after section of one pair of aifereiit nerves it is I 10 mm. T^^^ 
and after bilateral denervation, 155 mrn. (Fij^. 181). Tlie blood pressure 
tends to fluctuate s])ontajieously far more widelv than in intact {uiimals 
((‘f. p. 515). 

Role of Chemoreceptors (Carotid and Aortic Bodies).^ (1) Carotid 
Bodff.- VtiUVfl the [lerfusion techni<|ue already described it can be shown that 
varvinjLt the chemical composition of the blood or other fluid flowing through 
the region of the carotid 
Infurcation nslhixly aflects 
respiration, heart rate, and 
blood |»ressure. 

(i) If the perfusing fluid 
contains excess COg, has a 
raised ion conoentra- 
iion, or is deficient in oxyqen^ 


Btimulutingaction of excess 
COj is well shown in Fig. 

482. The frequency of 
the action potentials in the 
chernoreceptor fibres of the 
carotid sinus nerve trunk, 
sinmltaneously rises indi¬ 
cating that more nerve 
impulses are lieing sent uf) 
to the respiratory centre. 

Commonly there are also 
reflex effects on the circu¬ 
lation, e.q. acceleration of 
the heart, and a rise of 
blood pressun* (cf. p. 710). Conversely, if tlie |*erfiising fluid is deficient 
in COg alkaline, both respiration and circulation are reflexly 

depress(Ml. 

(ii) Certain drugs of yihysiological interest may firoduce reflex stimulation 
of breathing. Fig. 483 show^s a striking increasi^ of respiration jiroduced 
reflexly by the action of acetylcholine on the cheinorece])tors in the carotid 
body. Cyanide (which may act by inducing local anoxia of the nerve endings) 
and nicotme act similarly. 

(iii) Loailization of Carotid Chemoreceptors. —The chemorecei)tors are 
situated in the carotid body. In several species the (airotid body receives 
its blood supply from the occipital artery ; if this vessel is tied the carotid 
sinus and its innervation is left intact, but no blood can reach the carotid 
body or act on its sensory endings. If the carotid bifurcation is now artificially 

1 Symposium, Acta phy,9iol. scand., 195J, *J2, 4-S2. Schweitzer and Wright, Quart. ,/. 
exp. Physiol. 1938, 2H, .33. 

24 * 


the principal eilcct is that 
respiration is reflexly 
stimulated. The reflex 
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Fig. 482,—Keflex Stimulation of lireathing by CO* 
via Chemor(*(;c]dors in Carotid body. (Gayet, 
Bennati, and Quiyv, Arch, internat. Phanna- 
codyn.^ 19.35, *50.) 

Records from two doss, prepared aceording to technique 
lllUHtratHl in Kifi. 4r)I, Le. rarotiil bifurcation of B is 
perfUHed witt) iilood from carotid artery of A. Records 
from aliovc downwards arc : respiration in A (donor); 
respiration in B (perfused from A); blood pressure In B: 
signal; time in It) sec. 

Between the arrows the donor (A) inimled a CO, rich 
mixture. Note stimuiation of breathing in A and reflex 
Hliimilatioi) of breathing; in B. 
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perfused it responds normally to changes of internal 'pressure (i.e, presso¬ 
receptors intact), but no reactions are obtained when the chemical composition 
of the blood is altered (i.e, chemoreceptors not functioning). 

(2) Aortic Chemoreceptors. —The role of the aortic chemoreceptors can 
be demonstrated by more elaborate procedures. An animal is prepared as 
desicribed in the legend to Fig. 484. If the trunk is asphyxiated (Fig. 484) 
or is subjectiMl to COo (excess or oxygen lack, or if acid is injected intra¬ 
venously into it, breathing in the head is rejlexly stimulated ; if the trunk is 
overventilated (to wash out COg), or if alkali is injected, the breathing in 
the head is rejlexly decreastd or evtm stopped. It must be remembered that 

in these experiments the com{)osition of the 
blood sup})ly to the respiratory centre has 
not been alteretl at all. The responses des¬ 
cribed are not abolished by section of the. 
])ulmonary fibrt^s of the vagus ; the sensory 
endings are in the aortic body. 

(3) Stimulation of the aortic or carotid 
(‘hemorecej>tors by oxygen lack causes 
powerful reflex stimulation of the vasomotor 
centre which contributes largely to the rise 
of blood pressure caused by anoxia (p. 310). 
The chemorec('f)tors are also stimulated 
when the blood jlow throuyh them is reduced.^ 
In hamorrhage, the blood pressure tends to 
fall, reducing the tonic inhibitory influence of 
thesino-aortic nerveson the vasomotor centre. 
In addition, owdng to the decreased cardiac 
output (and yjossil)Iy because* of constriction 
of the blood vessels to the carotid and aortic 
bodies) (Neil) the blood flow to the chemo- 



Fig. 483. — Keflex Effects of Acetyl- 
eholiiK* on Kespiration. (Hey- 
inans and Bou<'kaert, Ertjeb. 
Physiol., 19.39. 4!.) 

The carotid sinuses of tlie recipient dot? Ti 
were perfused by Uie tcclinlquc illus¬ 
trated In Fig. ICi by blood from a donor 
dog A. Records from above down¬ 
wards are: respinit ion of it (recl|)ient): 
blood pressure of It: blood yiressure of 
A (perfuser); time in 3 .seconds. At 
arrow, inject O-l mg. acetylcholine into 
carotid artery of jierfnscr. Note intense 
reflex stiinulatiuu of brealhiug and 
slowing of tlie heart in H. 


receptors is reduced with resulting increase in 
their activity ; the afferent impulses set up 
reflexly stimulate the vasomotor centre. The 
vasomotor centre is thus ; (i) released from 
tonic afferent iiihibition ; (ii) refh'xly stimu¬ 
lated ; general vasoconstriction results which 
helps tomaiutaiuor ntstorc.thc blood pressure 
after haunorrhage (p. 82). When the carotids 
are occluded asphyxia of the carotid body 
results. Tlie chernoreceptor discharge is 
increased arid contributes to the reflex rise 


of blood pressure which occurs (p. 743). 

Afferent Nerves from the Lungs.—The vagus nerve supplies afferent 
fibres to the larynx, respiratory passages, and the alveoli. These fibres are 
protective, and also serve to regulate the rhythm of respiration (p. 387). 
When the lungs are altered by disease (congestion, consolidation, or 
collapse) afferent impulses may be set up which reflexly stimulate 
breathing (pp. 457, 458). 

Afferent impulses from the lungs themselves do not give rise to conscious 


' Noil, Acta 'physiol, scand., 1951, 22, 54. 
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Heiisatioiis. Kxteiisive jHjlnionary whic^h does not. involve the parietal 

pleura may he wholly painh‘ss. 



b’i(j. 4S4. K(41('-\ St ill! 11 til ion of Kr-spiratory (Vaitro from Aortic (./houiorcc(?ptors. 

Blood pru88ure of trunk; ii==K«8piratory record of head. The head is isolated froni 
the trunk and only the va^ii are left counectiuK the two regitnis. The head is kept 
alive by perfusion with blood from another aniinai. The trunk is kept alive by 
artificial respiration. Between “ a " and ** b " the artlticial respiration was stopped In the 
trunk of B. Asphyxia of the trunk reflexly stiuiulatee (via the vagi) the respiration 
in the head. (Ileymans and He^nnans. Arch, intermit. Pharmacodyn. Therap., 1927.) 


Cutaneous Hyperalgesia (Tenderness) J -Tin* subject is discussed m 
this point Ix'cause of the li^ht it throws on tin* iind(‘rstandmf^ of soun? of the 
[)h(momcna of visceral disease. A strong faradic (*uTTent, of an intensity to 
[ifoduce almost unh(‘arahle pain, is applied to 
the skin (<\(f. on the surface of the forearm) 
for r> mimjt(‘s ; tin* curn*nt iiijur(*s tin* skin, as 
sliown by tin* ap|)earain.*e of a wlieaJ (p. 324). 

Subseipiently the surrounding skin becomes 
son^ or tmider (cufancotfs hypemUjesia). In the 
alleeted ar<^a, the sens«* of touch (to stimulation 
with cotton wool or Frey s liairs) is unafTected 
or diminished, but a needle prick produces an 
intense, ditTusf^, long-lasting pain ; the skin is 
excessively siuisitive to sliglit friction. \ certain 
degree of spontaneous burning, smarting, or 
itching may be present. This cutaneous 
hyperalgesia increases in intensity, reaching its 
maximum in about 20 30 minutes; it also 
spreads j)rogn*ssively up and down tlie arm and 
may ultimately involve an area of some 20 square 
inches. The tenderness ]»ersists for hours, or even 
for as long as a day or more, and gradually 
disappears. The degree and extent of the 
hyperalgesia vary considerably in different 
individuals. Similar results are obtained if the 
skin is injured by other procedures, e.q. freezing 
or pinching. 

Analysis shows that the following mechanism 
is involved (Fig. 485). When the skin is injured 
chemical agents are released which stimulate the 
local nociceptive (pain) endings ; impulses consequently pass up along afferent 
nerves (A) to the central nervous system and give rise to the initial s(*iisati()n 
^ Lewis. Clin, Set., 1936. 2, 373 : 1937. 3. 59. 



Fia, 4K5. — Possible Neural 
Basis of Cutaneous Hyper¬ 
algesia. 

Black circle: skin area subjected 
to stroriu furaiiic Hti!iiiil;«tiou. 
Large dotted circle: area «)f 
outn tieous hyperalgesia. 
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of lociilized fiaiii. It is known that the cutaneous afferent luuves brancli in 
the skin to supply blood vessels in the vicinity ; it is su^rj^ested that in 
addition other branches are given ofT whicli ramify oven- a considerabh' area, 
ending tliroughout in skitt cells. It is thought that when impulses along 
these filaments reach the skin cells they release some stable (and unidentified) 
clnnnical product which modifiers the iudiaviour of the* local cutaneous nerve 
endings, c.g. those connected with B', B", B''', so giving rise to the abnormal 
state of skin sensibility already described. We seem to be dealing with the 
neural h'miS)nissio}f of a chemical disturhaucr (tlie conv(‘rs(‘ of the humoral 
transmission of a nervous disturbance (j). oOH)) ; Le. a chemical change set 
up in a discrete area of skin In* an hijury sets up ntuvous iin})uls(‘s which in 
th(ur turn produce a long lasting chemical disturbance in a related w’ide skin 
area. In this latter zone the local j)ain Jierves “ r(‘gister ” a skin condition 
which is not directly produced by local cjicrnal stimulation. The nuichanisin 
described resembles the axon reflex which is rt'sponsibh; for the “ flare ’’ in 

^1 

Fig. 486.—Areas of Cutaneous Tenderness Following Injection of 6% Saline into (A) left 
first Lumbar, and (B) left ninth Thoracic Interspinous Ligament. (Lewis and 
KeUgren, Clin. Sci., 1939, 4, 48.) 

injured skin because the hyperalgesia too depends on the branching of nerve 
fibres. The wdder significance of these results is considered on j). 759. 

Referred Pain, Tenderness, and Rigidity evoked from Deep 
Somatic Structures.^ —If hypertonic saline (6%) is injected into fin inter- 
spinous liyament, pain is set up, which is referred to the perijdieral distribution 
of the correspondiny scymental fierve. The pain is descriIxMj as a continuous 
aclui, lasting for minutes, w hich i.s felt deeply in the referred zone ; it is accom¬ 
panied by tenderness and muscular rigidity. 

Three striking ob.servations may be quoted. 

(1) The //r.s7 iumhar irittuspinous ligaimmt is inje.cted. The j)ain is felt in 
the loin, inguinal, and scrotal region ; it may last for minutes and be accom- 
jiariied by retraction and tenderness of th(i t(jstis and localized rigidity and 
dee/p tenderness in the low'cst part of the abdominal wall. The distribution 
of the cutaneous tendern(\ss is showm in Fig. 480 ; it does not correspond 
exactly in area with the dee]) tenderness. The .symptoms and signs ])roduced 
resemble very closely those of renal colic wmich are set up when a stone is 
})assitig down tin* ureter (p. 703, footnote 1). 

(2) The eighth cervical interspinous ligament is injected. The distribution 
of the resulting i)ain is showm in Fig. 487. The pain is accompanied by a 
sense of constriction in the u])p(ir f)art of the chest on the*, affected side. If 
the ligament on the left side is injected in patients wlio suffer from angina 
of effort (]). 752), the pain ex])erienced is affirmed by them to be identical 

* Kcillgren, Clin. Sci., 1939, 4, 36, Lewis and KeUgren, ibid. 47. 
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in cliaracter with that exfun-ionned durin" an attat^k, tliou.^li it difllhrs soiii(‘- 
what ill (listrihutioii. Tin* “ injection pain ” is felt mainly in tin* liack, wliile 
the aiij^inal pain is ft^lt mainly (thou^li hy no means invariahly) in the front 
of t.he eliest. 



Kio. ‘187. Distriluifion of I'aiii following of Saline into Intt'rspinoiis 

Jjigaments of (Jo, (’’(», ("7, (^8, and Tl. (Kellgren, Clin. Sri.^ L 'M.) 

Each chart shows results in three subjects (vertnral hntchiupc, horir.ontal hatclniiR, aiul 

(3) Injection of the third thoracic ligament in the middle line gives rist' to 
bilateral pain ov(*r the sternnm «and a sense of eonstrietion. 

Fig. 487 also shows the areas of referred pain resulting from stimulation 
of the interspinous ligaments of C5, 6, 7, 8, and Tl. 

According to Lewis, stinuihvtion by means of hypertonic saline oisuperficial 





750 


CARDIAC ISCH.KMIA. ANCJNA I^KATORIS 


.somatic structures, such as deep ta.scia. subcuitaueoiis liyamcuts, tendon 
sheaths (r.//. tendo Achilh's), or subcutaneous perio.steuin (c.//. over the tiiha) 
gives ri.se to pain which is fairly accurately Joralhrd in the region affected. 
Stimulation oi' deep somatic .structures gives ri.s<‘ to rehuTcd ]>ain. 

Fig. 4>'8, which illustrat(‘s these points well, shows tiu' elVeets of stimu- 
laling the various .structures in the che.st wall .at tin* h‘vel of the sixth inter¬ 
costal space. Stimulaticni of tlie deep fascia, and periosteum giv(*s rise* to 
localized ])ain. Stimulation of the de(»[>er-lying muscles, on the otln*r hand, 
gives rise to r(*r(*rn*d |»ain which is h*!!- in the .v/. /a dish ion of the seffhtenlnl 
inneeratfon of the mu.scles concerned. Thus .stimulation of the trajiezius 
mu.scle gives ri.se to n‘f(*rn‘d paiij in tin* skin distribution of (VJ and I and 
the acc(‘.ssorv nc'rva*. 

Pain of Cardiac Ischaemia (Coronary Insufficiency). Angina 
Pectoris.- S(*ver(* |)ain of ea.rdia(‘ origin is usually (and probahlv invaiiablv) 



Fig. 488.—Referred Somalie Pain. (KclJKreii Clin, I‘>30. 4.) 

A. Distribution of pain .artsins from various derp structures of tfie (.‘fiest wall at tlie 

level of the sixth intercostal space. Pain produeeil bv h>cal injection of ssiline 

B. Tissues which ^ive rise to correspoiuliiu; areas of pain.' 

Oblique iiatcbiii;;' : intercostal space and erector .spina; ('IT)). 

Stippling : niUHeIe.s attafdied to s<-apula ((T*, 0). 

HuriKoiital liutchiiig ; latissiniUK ilorsi ((.'0, 7, S). 

Vertical liatcbing : trapeziu.s (aecessorv nerve and C:j, 4). 

Crosses : tissues giving rise to tucal pain (not sliowii in A). 

the re.sult of an inad(*,(juatc hlood flow {iseluenmi) to the my'ocai’dium. Thus, 
very violent and prolong('d pain i.s .set up winm a, branch of om^ of tin* (ioronary 
arteries is occluded a.s a result of thromhosis {mronanf throndmsis, cf. p. 239), 

(1) The pain (so-calhid anpinal pain) may persi.st Ihr hours, or even days, 
IS agonizing in character, but is not felt in the. heart. It is charact(U*i.stica,ny 
reftuTcd to the .steniiini, the outer jiart of tin* l(‘ft si(h* of tin* ch(*st (Thi, 2, 3), 
down the inside of the arm (Thl), up the neck to t in* angle of the jaws ((l/k \)\ 
and to both shoulders and back : the pain may be referred to the (^j)igastrium 
(simulating that of an abdominal catastroj»h(.*j and give rise to vornitin**’. 
There i.s thus in thi.s iibstance no local idsceral pain {i.e. no jiaiu felt in the viscii^) 
but only a referred pain. A striking feature of coronary thrombosis is the 
very wide area involved by the referred pain, wider than corresponds to the 
sensory segmental supply of the heart. In other words, a form of Henson/ 
irradiation takes phuje to adjacA^nt segments. 

(2) Tenderness is present over the^ regions too. 
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(3) There is a sense of constriction, as thoufjjh tlie cht^st weni grij)j)(id in a 
vice, or as if the sternum would break. Mackenzie believed that owing to a 
oiscero-motor reflex there is reflex spasm of the intercostal muscles, which 
prevents r(*spiratory movements of the chest. 

The effective stimulus to the nerve endings in the heart in this condition 
is not pressiin*, l)ut (as shown below) the chenriad prodarts of Isdueaila. 

Mechanism oe Ischaemic Pain.^—L ewis studied the. causation of pain 
which develops in a limb when the circulation is entirely ocuiluded. Exercise 
is carried out by performing a gri[)ping rnovejiient with the hand at the rate 
of once per second. Pain s<jts in afU^r 30 seconds and is intolerable in 70 
seconds. Though the pain is diffusely felt, it is most marked in the munrhs. 
Various possible causes of the ]>ain may be (considered. 

(i) It is not due to vascular spasm^ b<»cause after occlusion tli<‘ blood v(‘.ss(*ls 
of a limb lose their tone. 

(ii) The pain is not due to muscular fensum, because' it is continuous and 
not accentuated during contraction. 

(iii) It is tin; result of activity bc'cause it is related to the amount of exercise' 
which is performed. 

(iv) The following observations show' the pain is not due simply to local 
anoxia : Exercise the arm till pain develops and note the time* taken ; allow 
a suitable interval for n'covery to occur, and then repeat the (?x(?rcise, but for a 
few seconds less; this time no pain develops. Now maintain the occlusion 
for another 5 minutes. The oxygen content of tlu' limb must de(T(^ase markedly 
during this period but no pain develops. 

Lewis suggests that muscular activity releases a pain-})roducing factor (P) 
which passes out into the tissue spaces and is normally removt'd by the blood 
stream. If exercuse is carried out wuth the (’irculation occlud(*d this substance 
accumulates, and when it reaches a certain concentration, ])ain develops. 
In support of this view, Lewis finds that if exercise is performed with occluded 
circulation till pain appears, and the exercise is stO})ped but the occlusion 
maintained, the pain persists unchanged and does not yet worse ; if the cir¬ 
culation is released, the pain disappears within a few (2 -4) seconds. 

Intermittent Claudication. - The above ex}>('riments ox])lain the 
recurrent pain produced in the legs during exertion in })atients with narrowed 
limb blood vessels (e,y, in Buerger s disease) ^ (intermittent claudication). In 
this disease, the blood supply to the muscles is adecjuate for their luieds 
during periods of rest; but (luring activity the blood flow cannot be increased 
sufficiently to (jope with the additional recjuirements (i.e. there is relative 
ischaemia). The P factor const'^uently accumulates, givnng rise to pain which 
increases in intensity until the patient is convjxdled to stop. During tlu' 
period of rest the P factor is washed aw^ay, the j)ain disappears, and the patient 
can resume walking, only to be stof)p('(l again by recurrence of the j)ain. 

Other Phenoimna in Isclmmic Limbl ^—If a blood pressure cuff wrapped 
round a limb is inflated to occlude the underlying artery for 15 minutes, the 
nerve trunks under the cuff begin to lose their conductivity. The fibres first 
affected are those which have travelled the longest distance from their nerve 

* Lewis, Arch, irU, Med,^ 1932, 49, 713. Levy, Diseases of Coronarij Arteries and 
Cardiac Pain, N.Y., 1936. 

* Also called thromboangiitis obliterans (of. p. 361). 

^ Lewis, Pickering, and Rothschild, Heart, 1929-31, IS, 359 ; 1931-33, 16, 1. 
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(‘iKlint^s ; the til)n‘s which liave iravclletl a sliortcr distance arc aHected later 
(cf. p. lOOf)). After initial tinj^linijf a defective sense of toucli (h‘Vt‘lops in 
lln‘ most distal pnrt of the liinh : it jrradiially spreads iij) proxiinally and 
is follovve<l 1)V a similar centiiptdal loss of other torins ol sensation, pain la'injn 
lost last. Jjossof motor function shows a like march and is almost simnltaji(‘ous 


w’itli loss of touch sense.* 

Pain ok (’okonakv Oc’olt'sion. .The pain of coronary occlusion, like 

that in an iscluemic limi), is j)resumal)ly produced ky iscluemia of the affected 
area of heart muscle. The pain fun-sists as lonir as the sensory nerve cndin.irs 
in the iscluemic ])atch of heart muscle remain alive : when t hey die the pain 
disapj)ears unless spasm of other coronary vessi'ls tak(‘s ])lace. (infnt). 

An(JINa ok Kkkou'I’. Attacks of ani*inal pain may 1)(‘ hrouixld on by 

without evi(hmc(‘ of coronary 
occlusion. Jjitth* is known about 
th(‘ clianees in the heart rat(‘ or 
blood pressur(‘ durin<i tin* attacks, 
but they always occur under 
circumstaiic»*s that would be (‘X- 
pected to throw an »*xtra burden 
on the heart and so cause rrlutirr. 
iscluemia. If tluu’c is spasm or 
anatomical narrowiiiL^ of the i'or- 
onary vessels the necessary dcjun’ce 
of l()cal vasodilatation may not 
occur in conditions of stress: the 
bh>od supply of the heart is thus 
insullicient fV)r its iiuucastal needs, 
the P factor is not f^ot rid of, it 
t’lu. tSl). Diatiram illust rat1 he Mcuhod of «^<^'t‘umulat(is and j^ives list* to pain. 

Testing Ph-iiral Seusil.ility. ((’apps, Exjnri- Severe anginal pain may, however, 



menial and (.'llnical Shall/ af Pain, New York, 
.Maeiiiiliaii & (.'o., ItKt2.) 

Til)' U'ft liiiiK is (lisplumi by i;!!iision and t lu' diaiilinmni is 
|iiislH')l ibmii 1 he uriuws rcjircsrnl the wire iiassiiiL' 
iliroiii'ii Tlir h)>ll(Mv fnirar ;iii)l tuncfiims re.sji(viiv«:lv 
liip piilnnniary, pericardial (I'), and diaphrav;inatic 
pkmra (0). 


occur at night or a.t other times 
wlum th(‘ subject is at complete 
rest. If th(‘n‘ is no evideiuai of 
occlusion the pain must b<*. attribut¬ 
ed to coronary spasm reducing the 
cardiac blood flow. 


Pal pi f (if iov.- Whan consciousne.ss of the hearts action is yiresent, it is 
called paljiitation. Jt is associated with vigorous exercise or wdth tlui strong 
contraction whicli often follows on a premature* laiat. The sensation is set 
up by the imj)a(;t of tin* ln*art again.st the chest wall. 

l^AiN OK Ahteuial EMiiOLi.s.M AND TiiKoMliosj.s.^—Pain from tliis cause 


only develojis in muscular organs, i,c. the infeMivr, ftenrf, and sbdrial mnsi'lc. 
Interference with tiic blood supfdy to the lung.s, liver, brain, or spleen does 
not give rise to pain. Varialde r(*sults an; obtained in the case of the kidney ; 
possibly pain only develops if the muscular renal pelvis is involved. 

Pleural Sensibility. -The experimental study of ph'ural sensibility in 
man yields results which illustrate im})ortant priindjiles which apply to 


^ Fur results of asphyxia and pressure on sensory nerves, see Lewis and Pochin, 
Clin. ScL, im 3 , \ 41 . 

^ Lewis, Clin. Sri., lOSo-.Tfi, ‘J, 23S. 
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otli(‘r scnfu.s ttinuhruHCs, 
oortnin ri,srera an<l also 
(•(‘ 1 ‘t.a.iii (f('(‘p soma lie 

sirarlares. 

This prohloin was 
stiiditxl hy ('a|)))S in 
j);it.ieiits with ph*iiral 
t‘n‘nsio]i in t h<‘ follow iii]^ 
way (Fiji. A liollow 

trocar is puslnxl throii^^li 
tlic chest wall into th<‘ 
j)lciiral ca.vity ; hclorc 
niiich fluid csca(M‘s. a loii^ 
stilV silv(T wire is passed 
through tlM‘ cannula and 
hrou^iht in (*ontact with 
various asptxds of tlic. 
])h‘ural nu'iidjraiK'. Wlicn 
th(‘ phuira. was c<>v(*?i‘d 
with thick exudate, no 
response was obtained ; 
hut wdi(‘n th<‘ |)leuF*a, was 
in a. more iiornial cori- 
dition, tin* Jollowifiir 
results were elieiie<l; 

(1) \'is(U-:uAL Flkiufa. 

.The risirral pleura 

(I i: i i n th e 1 unji;) i s eiit iroly 
dev(»id of pain sense. 

(2) Pakiktai. Puktra. 

Pressure on the pa rid a! 

pleura (lining the chest 
wall) ^ives rise* to sharji 
]>ain w'hich islocatcxl vvitli 
consi(h'ra hie a,ccurac y 
near the site of stiinuhi- 
tion. Th(‘ f)ari(;tal i)leura 
can be regarded as part 
of the (diest waill and like 
it is sup[)li(;d with sensory 
fibres from the intercostal 
nerves.^ 

(3) DiArnRAGMATIC 
Pleura (sec Fig. 4/J()). 
(i) The central portion of 
the diaphragm is su])plied 


Front Back 



Eiu. 4no. Lnralizatioii r>f Uaiii from l)ia])hraf»matir 
IMeiira (or Feritoneuni). (( ’apps. Study of Pain^ 1932.) 

Thr lowisr dia^rain n-pn^sonts tlu' thf)rjn io ot tlu* <lia- 

plirairiii. 'I’Fu' area inarked with hlack »|i>ts is snjtpliiMl l>y Mu* 
phrenir, th.at sliown as a lilafk shcf't is siippli(ul hy tin* Uiwjm* 
ink*rri>stal urrvfs. Stiiuulatioii oT thr plnira tlic (•(‘iilral 
ill (.lie diap)ira;;ni uiv«*s risi* tij |•l•^l‘rr^•d p.uji in (hr nrck 
(indiratiMl hy hl.irk <hKs in upper lltiurr) in the dislriliutinn 
rliirlly of tlir tliird and (oiirlli rrrviral dorsal nerve roots. 
Stinnilalioii id' the peripheral diaphraviinatie pleura prodinas 
pain rel'erred to the hody wall (Irnnl or Iwiek, ol ihe same side or 
hoth sides) in the distrihulion id’the sixth to (wellth thoraeie 
iierve.s (horizontal lines iit upper litiure). Pj-actljt ttimilnr 
results are iiMuiaeii on stimulntiou of the perilonral surface of the 
ceniral and peripheral parts of the diuphratjm. 


^ I'liP |)arictiil pleura can sometimes l»e incised without producing [tain wludt rib 
resections arc carried out under local amesthesia ; ])resumal)ly the pathological condition 
present in the jtleura ahoiishes its norniid sensitivity. Healthy subjects usually complain 
of pain when an exploring needle comes in contact with the pleura. 
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DIAPHRAGMATIC PLEURAL SENSIBILITY 


with airerent (as well as efferent) fibres by tlje ])hrenic nerve. Exjxiriniental 
irritation of this region sets n]) a sharj), enttiiig f)ain in a region anatomically 
quite remote from the diaphragm, namely in the //ecA:-—usually in a dohnite 
spot^—in the skin distribution of the third and fourth cervical dorsal nerve 
roots. This is a clear-cut instance of referred pain s(»t up from a serous 
membrane. The phrenic afferents enter the dorsal nerves roots of the third and 
fourtli cervical nerves mainly (and also Cb). The patient is unable to localize 
accurately afferent impulses that have come from the diaphragmatic pleura, 
and falsely projects refers - the sensation to a retfion of the hod if wall which is 
supplied Inf the same dorsal nerve roots as suppii/ the diaphraffmafle pleura. 
Referred pain is a special form oHfalse localization. The pain in the neck is 



Fic;. 491.—Pericardial Pain. (Capps, Kxperiwentat and Clinical IStudy of Pain, New York, 

Macmillan & Co., 1932.) 

A. Heav line shows portion of fibrous pericardium and central diaphragm, Irritation of which gives rise 
to neck pain (black circle). 

n. Case if typical dry pericarditis with to-aod-fro friction sounds over tlie wiiole area of the heart (shaded 
area . Post-mortem examination showed universal fibrinous exudate over the visceral and parietal 
layer of the tserous pericardium. No pain was felt in tiic region of tlie heart at any time. 

accompanied by local tenderness and sometimes by rellex rigidity of the neck 
muscles. 

(ii) The peripheral part of the diaphragm is supplied with afferent (as 
well as efferent) fibres from the lower six intercostal nerves (Tli7-12). Experi¬ 
mental irritation of the pleura covering this region gives rise to pain which 
seems to come from (i.e. is referred to) a varying number of segments of the 
body wall supplied by the lower thoracic nerves—the lower thorax, the lumbar 
region, or the abdomen. This is another clear-cut instance of referred pain. 
The stronger the degree of pleural stimulation the more widespread is the 
referred pain ; it may sometimes extend to tin*, other side of the body too 
(sensory irradiation). The pain is associated with local tenderness and reflex 
motor effects in the form of muscular rigidity. 

Pain of Pleurisy. —When the parietal pleura is involved in inflammatory 
processes, the pain is felt in the chest wall over the region involved ; with 
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diaphragmatic [)leuri8V, the j)ain is rtdV'rred to the neck, or the lower part ol 
the cheat, the back, or abdomen. When the pain is referred to the abdomen, 
tlie clinical findings may lead to a wrong diagnosis of an intra-abdorninai 
catastrophe. 

Pericardial Sensibility. —The studies of (Japjis have led to the following 
conclusions. 


(1) The lower jKirt of ihv Jihrous ]H*ri{*ardiniii (at the level ol the fifth 
and sixth interspaces) is 8Up|»lied by allereiits from the ]>hrenic nerve ; 
puncture of tlie j>erica.rdinm in this region gives rise to referred pain in the 
nfcl' (Fig. 4in, A). 

(2) On tlie oilier iiand, ex jH*rinM*ntal sl.imuhition of the serous jiericardium 
(both visceral and ])arietal layers) gives rise to no ])ain. A drij inilarnmation 
of the serous pericardium may produce a sense of precordial tightness, but 
again, as a riil(‘, no pain (Fig., 

-ll)l,B). A large greatly 

stretching the pericardial sac^ I 
may give rise to no more than — 
a dull ache over the h(^a rt. 

(3) Severe pain is felt (i) ■ 

when the inflammatory proc(‘ss i 
involves the. mediastinal I issues j 
(the. pain is felt over tlie. heart ); i 
or (ii) the diaphragmaiic pleuru j 
(the pain is then referred to tlM^ j 
nf*(^k or abdomen); or (iii) if j 
the cor 0 Harp rireulalio)t is_ 



inadequate : the jmin is then 
due to cardiac iscluemia 
(p. 750). 

Peritoneal Sensibility. 

The parietal peritoneum and 
adjacent connective tissue are 
supplied with somatic aUcrent 
fibres from the lower thoracic 
nerves. 


Fio. 402.—^Reflex Contraction of Al>dominal Wall 
from Stinmlatiuu of Dia]>hragiu. (Lewis .likI 
Kellgron, Clin, Sci., 1930, 56.) 

lierordK Irom above down wards: Contraction of ri^hl 
iipin'r rertUH; signal line; tihUi in StinmlaU? 

tin* umltT .siirfac-o of diaphra}:ni (riKbf. sidi*) with a 
Hinooth fvobe daring ths froriod shown h}' the si^inals. 
A. sttmalate dome (mr reflex resjionse); B. stinmlate 
lat^^rAl part of (ll.'i.phrAgm (reflex eontrnctloir). 


(1) DiAFHRAOMATfr’ PeritoxNK i .M, Using t-bo same technique as for the 
pleura, (/apj)s lias shown that- strung pre.ssiire, or the. application of a rough 
point to the jieritoneid suiface ol‘ the. diaphragm gives rise to referred pain 
which is felt in the neck when the central parts of the diaphragm arc Rttrrin- 
Iat(‘d, and in tlie chest or abdomen from stimulation of the peripheral parts 
(Fig. 41X)). The results an* identical Avith those, obtained from the plenral 
surface of the diaphragm (p. 753) and can be accounted for in the same way. 
(It shonld be noted that light contact or stroking elicited no nyaction.) Similar 
pain is experienced in intlammatory conditions of this region of the peritoneum. 
The pain is intonsified by forcible movcnionts of the diaphra^rr such, as those 
produced by deep breathing or coughing. It is associated with local tender¬ 
ness (hyperalgesia) and rigidity of the neighbouring muscles. .Vnimal experi¬ 
ments show that stimulation of the peripheral region of the diaphragm pro¬ 
duces reflex cmUractum of tlie abdomi7ujii wail (Fig. 492). The muscular 
rigidity in clinical cases of irritation of corresponding parts of the diaphragm 




Tof) PERITONEAL SENSIBILIT\^ 

is doubtless also refloxly producH'd.^ Injury to tin* spleen asst)eiated with 
irritation of tlie central diaphragm may ])roduce referred pain and liy |)eralgesia 
over the should(;r tip (Fig. 4b3). 

(2) Parietal pERiTONErAi. —Stimulation of the parietal peritoneum, gives 
rise to })ain wliicli is fairly accurately localized in the suj)erj{icent abdominal 
wall (Fig. 4VM). Parietal peritoneal ]>ain is also associated with local tender¬ 
ness and reflex muscular rigidity. 

Referred Pain, Tenderness, and Rigidity.—.\s has already been 
explained, stimulation of the diajdiragrnatie ].)leura or peritoneum, or of the 



Fio. 493.—Kclcrrctl Shoulder rain 
from Diaphragm. (Morley, Ab¬ 
dominal Paitu K. A’ »S. laving- 
stoiie.) 


Case of traumatic laceration of rliaifhrai'inatic 
Hurfaee of spleen (in\ijlving ]*eripheral 
diapliragmatic peritoueiiiio showing ^as 
black patch over shoulder) the area of 
referred pain and liy peraljjesla in the skin 
distribution of the third and fourth cer¬ 
vical nerves. 



Kio. 494. Localization of Pain 
prodiUMMi Ly Stimulation of 
i*ari(‘tal l Vritf)n(rum. (( ’a])ps, 
tJxprrimmfal and ('Iiviral 

Study of Pain, \ow York, 
Mci(.millan & Co., 1932.) 

Anterior abdominal wall : the circle 
shows where the cannula was in- 
.serted throuKii whicii the wire was 
])ns.sed to stimulate the parietal iteri- 
toneuiii. Jilack dots —actual jxunt 
stimulated ; + ^lot>alizalion of pain 
by patient. 


interspinous ligaments or other deej> somatic structures, or the (hivelopment 
of cardiac ischaemia jiroduces referred pain, tenderness (hyperalgesia), and 
muscular rigidity. The way in wdiich these symptoms and signs are produced 
is still imperfectly understood and reejuires discussion. 

Kefeiirei) Pain. The degree of accuracy of localiziition of a tactile 
stimulus applied to the skin depends on the local wealth of cutaneous in¬ 
nervation, the extent of the cortical area receiving impulses from the region, 
and the degree of point-to-point (“ topograjihical ”) projection of the rece])tor 
surface on to discrete areas of the sensory cortex (p. 570 and Fig. 495). If 
a sensory surface is sparsely innervated or if many receptors from an area 

^ Stimulation of the back muscles or of the interspinous ligaments (p. 748), produces 
an identical reflex contraction of the abdominal wall. 
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converge on to a single cortical j)oint, localization is correspondingly impaired 
(Fig. 496). As cutaneous pain can also be sharply localized, it is assumed that 
topographical projection occurs, though the relevant anatomical details are 


Cortical Centre 



Peripheral Receptor Area 

Fio. 495.—Anatomical Basis of 
Accurate Localization. 


Cortical Centre 



Peripheral Receptor Area 

Fig. 496.—Anatomical Basis of 
Vague Localization. 


obscure (p. 571). As the diaphragm, deep somatic structures, and the heart 
have a relatively sparse sensory innervation, we would expect stimuli applied 
to these regions to be vaguely localized ; what requires explanation is the fact 



Fia. 497.—Branching of Dor¬ 
sal Hoot Axon to supply 
Skin and Muscle. (Sinclair, 
Weddell, and Feindel, 
Brahiy 1948, 71.) 
liiipulHcs arlsiim from muscle 
(U^ or the .skin ((?) woiilil Rive 
rl.sn to an identical sensation 
whlcli would be referred to Uie 
** dominant zufie " wliieh in this 
ca.se would proiiahly i)c the skin. 



F'lo. 408.—Possible Neural Basis 
of Referred Pain from Heart. 


that the sensation is falsely “ projected ” or " referred to a region remote 
from the region stimulated. All theories on the subject agree that the false 
“reference’’ is due to a central misinterpretationy though the suggested detailed 
explanations vary. 
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BRANCHING OF DORS AT. ROOT AXONS 



Bkan(;hin(3 ok Dohjsaj. Hoot Axon.sJ KefVrml pain lias been attributed 
f.o the branching of the perijdieral axons of tlie dorsal roots which convey 
the imf)ulses set up by nocuous stimuli. It is known that theses axons branch 
(‘xteiisively in the s/iln mediating the vascular axon r(‘tlex whicli is responsible 
for the hare (p. 323) ; a similar ramification is responsible for the cutaneous 
hvperalgesia which develops round a.n injured an*.a of skin (p. 747). In 
addition a few dorsal root axons branch nior<^ ]>roximally : («) in the mixed 
spinal nerve, one branch ]»assing into the posterior raniiis and one into the 
anterior ramus ; (h) in the anterior ramus, to supply skin and muscle (Fig. 
l‘)7), skin and a visciis, or skin, muscl(\ and a viscus (Fig, 500). It is 

suggeat(‘d that tlu'sc Irraiiching axons are 
responsible for rcf<‘rn*(l pain and tcJiderness. 

Consider the elfeels of stimulating an 
interspimuis ligament. Tliere is anatomical 
evidence that the injected hypertonic salim* 
acts on axons in the posti-rior ramus ; some 
of these are processes of dorsal root axons 
which also contribute a branch to the na/ermr 
ramus supjilying skin and musch* in the 
anterior j)art of the dorsal root distribution. 
As a result, im[)uls(‘s arising from certain 
f)oiuts in the posterior or the anterior part 
of the dorsal root distribution pass into the 
SKIN sante (tjoh : conso(|uently stimulation of 

(‘ither the ant(‘rior or ])osterior points, or 
lib?-es supplying them, must give rise in- 
Fic;. 400.-Cutaneous Ten* evitably to the .sann* sensation with respect 
cieriiess(Hyperalgesia)set (juality and localization. We must assume 

!\lua(4e. ”^(Sim^ Wed- additicui tln^ rule of the '' thtnunnnl muyptor 

dell, and 1 Vindel,’/imi/n Suppose nH*(*ptor zone Hi and Rg both 

lOtiS, 71.) terminate in the saim* (U)rtical region C ; 

rii«-axon (A) from tin-iniMcio (H) zoiie R, is freqiientiv stimulated and the 

‘Jives hranrljos to tln! skin (C) • i i i.r .. i . " . • ^ 

i.rodiuinK a lastinx ciicmicfii iiiiud lias eonsecjuentIv l(‘arnt to pro]eet 

the‘'iS sensation to tlu' region actually stimulated; 

nerve endin>;s! G(?ntii: stiinn- zoiic R.,, fui the other hand, is rarely or never 

lo‘™', -■‘tin.ulat.«l. TI.ci. whether zone R, or R„ is 

(tenderness) m-diatid i,y stimulated the Tuind always proi(‘cts the 

scmsation to zone It, ; i.e. impulses from 
zom^ R, an; corna-tly localized : but impulses from zone Rg are falsidy 
projected (or refcrr(*.(l) to zone R,. Thus impulses from the interspinous 
ligaments are falsely nd’erred to the distribution of the anterior ramus of the 
dorsal root employed. 

Similar reasoning may be applied to the cast? of the central diaphragmatic 
pleura and peritoneum. Some of the afferents from this region are branches 
of dorsal root axons of (^3, 4, and 5, which also supply the skin and muscles 
of the shoulder region. The latter is the dominant receptor zone ; conse¬ 
quently impulses from the central diaphragm are falsely referred to the 
shoulder region. (Cf. also legends to Figs. 497, 500), 

Other Explanations op Central Misinterpretation.-— Instead of 

‘ Sinclair, Weddell, and Fcindel, Hrain, 194S, 71, 184. 
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emphasizing the role of branching dorsal root axons it may be supposed thal 
alferents from e,g. the upper thoracic body wall and the heart pass along 
distinct dorsal root axons wliich end, however, in a common group of cell.'- 
in the spinal grey matter ; tlie second neurone is common to the receptors 
zones and ends ultimately in a cortical area which consequently serves both 
zones (Fig. ‘11)8). It is further assumed (as above) that impulses arising from 
the rarely stimulated zone will be referred to the distribution of the dominant 
zone. 

Rio 1 Di r Y. This is j)resumably due to reflex contraction of muscles set 
up by the alTerent impulses from the affected area. 

Tendeunkss (HvrKH.^MiKSiA). —The imichanism may be similar to that 
of cutaneous liy|)eralgesia, produc(‘<l 
by i)ainl’ul skin stimuli. Fig. 499 
illustrates how skin UMiderness may 
be set u|) from an alfectcd muscle. 

Impulses from the rnusch* (B) jiass 
along OIK? branch of an axon (A) and 
then along a second branch to the 
skill (C) setting up here a long 
enduring chemical change which 
enhances the simsitivity of the local 
nerve endings. VV'hen skin (C) is 
stimulated in a manner which 
normally would arouse only trivial 
discomfort (c.r/. if it is lightly rubbed 
or pricked) the alfected nerve end¬ 
ings set up an unusual jiattern of 
impulses which jiass up in the axons 
(A) and (I)) and are centrally inter¬ 
preted as tenderness. Fig. 5(K) 
illustrates how, owing to multiple 
branching of an axon, stimulation 
of a viscus may give rise to both 
cutaneous and muscular tenderness. 

Hyperalgesia has been accounted 
for l)y some work(*rs in terms of 
the “ subliminal fringe ” (p. 540). 

Aflerent impulses (joining from the 
body wall may stimulate cedis in the central grey matter HiMiminally and so not 
give rise to any conscious sensation. Impulses from an appropiiate viscus (set 
upbydisease or experimental stimulation) maybe supposed to make connections 
with the same central jiool of neurones. The excitatory state set up from 
both sources may serve to activate the central cells liminally and cause them 
to discharge, to give rise to an abnormal or exaggerated conscious sensation. 
This concept is illustrated diagrammatically in Fig. 501. 

Abdominal Pain, Abdominal pain (as already explained) may be pro¬ 
duced by stimulation of the parietal or diaphragmatic peritoneum (p. 754) 
or other deep somatic structures, such as interspinous ligaments or deep 
muscles (p. 748). We now have to consider pain set up by involvement of 
the abdominal viscera. 



Fig. 500. —Cutan(.‘aus and Muscular 
Tenderness (Hyperalgesia) set up 
from an AfFocted Viscus. (Sinclair, 
VVeddcD, and Feindel, Brain, 1948, 
71.) 

The axOD (A) receives branches from skin (C) 
muscle ( \i), and viscus (E). Impulses reaching 
the brain from the affected viscus will be 
referred to the dominant zone which Is prob¬ 
ably skin (C). Impulses from the viscus (K) 
{MISS along the branches of tlie axon to (B) and 
(C), producing a lasting chemical ctiange which 
enhances tia? sensitivity of the local nerve 
endings. Gentle stimulation of skin (C) and 
muscle (B) consequently gives rise to 
tendernes-s. 
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Solid Abdominal Viscera. —(I) Liviok. —Diseases of tlie Jlrer which do 
not involve the ])ari(‘tal peritoneum may he wliolly painhvss ; thus the liv(T 
mav he extensively involved hy cancer without causing pain. In conj^estive 
heart failure, however, the liver, which is enlarj^ed and en^or^(‘d with hlood, 
is usually ])ainful and tender to ])alpation. It is not easy to explain this 
didenmce. It is suix^ested that when the rajtsnlr (»f the liver is stretclnal 
th(5 n(‘rv(‘ endinijs there set uj> the ])ainful impulses ; hut, on the other hand, 
stretching of th(‘ capsule of the liver enlarged hy, say, hydatid (lisiaise docs 
not produce pain. 

IvlUnmnalorif Ci)nditions of the liver which reach th(‘ surface* and involve, 
tins parietal jjeritoiKUiin, stimulate sensory nerves there and, of course, give 



Fig. 501.—^laokenzie’s Conception of Neural Basis of I'enderness and Higidity. 

The dotted rejrlon in the he.irt represents a region of myoeardiiiin whieii lias becorne nifxiifled as a result 
of localized coronary occlusion. The region in Uic (iorsai horn of gn*y niiittcr .surrounded hy n dolteil 
circle is the region of ** suliliniinnl .stimulation.” Affcnuit iiniuilscs from the heart stimulate rhe.se 
dorsal liorn ceils, witli tlie result, tiiat affiTcnt imjuil.se.s frnm tli'* skin and Imdy wall wliicdi previously 
atlmuhited Uicse cells only suhllminally now stimulate them liminally ; the jjlferent Impulses are 
transmitlefl through these synapses to reach tlie, hraiii and give rise to a sensation of hyperalgesia, 
llcflrx contnicrtioii of muscle can lake place. The spinothalamie tract which cro.s.ses to the opposite 
aide of the spinal cord couvey.s tin; afferent impulse.s to ” cmjsciousness.” ’ 


rise to pain (p. 756). In animals, experimental stimulation of the liver (or 
of the kidney or spleen, v. infra), e.g. by pinching, does not produce refltix 
muscular contraction. 

(2) Kidnev. —Th(} Jndneg ajrpears to be sensitive to (external pressure ; 
when a movable kidney is palpated bimanually, an aching fiain is fe,lt locally. 
It may be that somatic perirenal afferents are here involved. Most diseases 
of the kidney, c.g. nephritis, are quite painless. Stone in the kidney may 
give rise to a local aching pain, but this may bo due to involvement of the 
perirenal tissues. 

The symf)toms of renal colic are mentioned on p. 763, footnote 1 ; the 
afferent impulses probably arise in the muscle coat of the ureter. 

(3) Pancreas. —In tlie decapitate cat, stimulation of the pancreas (c.g, by 
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pinching) where it lies in the mesentery producers reflex mnscular contraction 
of the abdominal wall ; the afferent ])athway concerned is in tin; sjdanchnic 
nerv(;s. The allorent endings stimulated may ])erha|)S be I, hose in tin*, m(*sen- 
terv and not in the panen*ati(* tissue, itself. (\*rtain forms of ]»ancreati(“ 
disease, e.(j. avnle paiirmililis, are associated with sev(‘re abdominal pain and 
rigidity ; olliers, c. 7 . growth, may lx* ])ainhvss during almost all their course. 

(4) Si'J.KKN. -Jsclnenjia (p. 752) and nio.st other affections of the spleen 
are usually painless. Pain occurs in ruptun* c»f the organ because of involve 
mentof relaletl struct un*s (c. 7 . diaphragmatic (Fig. 495) or |)arietal p(‘.ritoneum). 

Hollow Abdominal Viscera.^ The aff(‘r(‘nts from these viscera are both 
non-mediillated and finely fuedullated til>n‘s ; t.h(‘y are few in number : thus 
all the atlen'ut fibres from the vi.sc<'ra of a cat eipjal in number those in one 
dorsal nerve root. Because of th(‘ir .s]>arse innervation, the hollow viscera 
normally have a. low sensitivity: to arou.st* a sensation, an adequate ])ortion 
of a viscus must be stimulated with considerable vigour. 

There has been much controversy about the sensibility of the hollow 
viscera, because the clinical study of pain is beset with difficulties and pitfalls. 
The patient’s fear and anxiety may “ create ” a sensation of pain or an ex¬ 
aggerated reaction to slight pain. The method of questioning, either the 
tone of the voice or the words used, may influence the patient both as to the 
presence and absence of pain, its degree, and its situation. A leading question 
may be indispensable to elicit information but may call forth a misleading 
reply. In surgical studies under local an®sthesia, the patient’s fears may 
cause him to reply to questions in a manner which he hopes may safeguard 
him against painful procedures. A local anoesthestic may produce general 
effects : thus cocaine induces a sense of well-being (euphoria) and damps down 
unpleasant reactions. The administration of morj)hirie tends to suppress the 
slighter pains. It seems certain, however, that adequate stimulation of 
viscera may produc(' pain iud(»peiidently of involvement of the mesentery 
or the ])arietal jieritomuini. 

There is a gn*;jt di{Terence between the sensitivity of a normal and an 
wflamed viscus, just as then^ is between normal and inflamed skin. Thus 
squeezing with finger or fbrce|>s or .stitching, cutting, or clamping the healthy 
appendix or c.Tcuni arouses no f)ain (such obs(*r\'a1i()ns gave rise to the erron¬ 
eous conclusion that nocuous stimuli which produce skin jaiiii do not produce 
pain from abdominal viscera). Hut when the appendix is inflamed, s(pieezing 
it along a considerable ]nirt of its length arouses ]>ain. Similarly ])inching 
the normal gastri(’. mucosa or rubbing it with the blunt end of a glass rod is 
painless ; the sanu*. stimuli applied to the inflamed and mdematous mucosa 
arouse pain. The pain fibr(*s in hollow viscera like those in skin or muscle 
respond to a wide range of stimuli liaving in common the prof)erty of noci- 
cef)tion, i.e. of being injurious. In discus.sing cutamious and muscular hyper¬ 
algesia it was suggested that the release of chemical products by axon reflex(‘s 
modified the s(‘nsitivity of local nerve endings thus producing tenderness 
(Fig. 485). In tlu^ viscera, too, states of inflammation by altering the local 
blood su])])ly or ])roducing (edema, or releasing abnormal chemical products 
may likewise “ facilitate ” ])ain respons(*s. 

Effects of Raised Tension. All the hollow viscera are s(msitive to 
changes in the tension of their muscle coat. In a few of the viscera the 
^ Kirmellu, Mechanism of Abdominal Pain, Sydney, 1948. 
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sensation is fairly accurately localized ; in most it is vajs^uely localized or 
falsely referred. Tf the distension is moderate the seiiscition is one of fullness ; 
if the distension is marked or if powerful, peristaltic movciim'nts occur, pain 
is experienced which may be severe in character. 

(]) (Esochacu’s,— If a balloon is introduced into the oesopluigus, and then 
inflated, a vSensation of fullness is felt, situated deeply beiKNith the sternum 
in the middle line ; the level at which the balloon lies is located with IViir 
accuracy. Similar accuracy of localization is generally [)resent in carcinoma 
of the a^sopha^us. In some cases, however, the feeling of obstruction is in 
the iiy>per third of the ensopha^us, although the stenosis is really in the lower 
third ; a state of s])asm is then found to 1)0 {u-esent in the upj)(*r part of the 
oesophagus. 

(2) S'J'OMACH.— If the stomach is moderately distended with air (c.r/. tiCK.) 
C.C.), a s(;nsati()ii of fullness is felt deeply beneath the upper })art of the 

anterior abdojiiinal wall in 
the middle line (cf. p. 7G3). 
Greater distension (with 
15(X) c.c. of air) gives rise 
to dilfuse pain which is more 
marked if the stomach is 
contracted, loss marked if tlie 
stonuudi is n.hixed (suggest¬ 
ing tJiat the pain is set up 
in the muscle coat). 

(3) DrooENUM. — A 
balloon is introduced into 
the duodenum in man and 
10 c.c. of air inj(*cted at 
10 -15 mm. Hg pressure. No 
s(‘iisation is experienced, 
but reflex vasocojistriction 
occurs in the. toes, proving 
tliat airereiit inifiuLses are 
set u|). When 10 c.c. of air 
are injected at a pn‘ssure of 
30 rnm. Ilg, more widespread reflex vasoconstriction is set up also involving the 
fingers. There is now also a sensation of })re.ssure, dull and heavy in character, 
deep seated and poorly localized anteriorly between tln^ xiphoid and umbilicus; 
at still higher pr(*,ssures there is a disagreeable, painful, or griping feeling. 

(4) Jejunum. Distension of the jejunum about 12 in. beyond the 
duodeno-jejunal flexure gives rise to discomfort or j)ain of a similar character : 
Fig. 502, A shows the distribution of the pain after introducing 150 c.c. of air 
into the balloon. vVfter section of the splanchnic nerves and exci.sion of the 
sympathetic ganglia from Th9-Ll on the riffht side, the pain on distension 
was felt exclusively on the Irft side (Fig. 502, B). This observation proves 
that the aflerents from the jejunum are conducted via sympathetic nerves 
into the dorsal nerve roots. Severe contraction of the intestinal wall (intestinal 
colic) produces pain of a character which is very generally known from per¬ 
sonal experience. The pain is not accurately localized in the affected part, 
as is well shown by the following case reported by Mackenzie. A loop of 




Fio. 502.—Intostinul Pain. (Bontlcv and Smithwick, 
Lancet, 1940, ii, 389.) 

A. Tube intrudiieed to 12 In. beyond duodeno-jejunal flexure ; 
balloon at end ol' tula; distended with air (1(K>"150 c.c) 
I* shows distribution of pain. 

li. Ex]»priinciit rcfieated after exeision on ripht side of ninth 
thoracic to first luinhar uantilia and Mfilaiiclinic nerves from 
cadiuc KariKlion pruxinially for (i in. P shows distribution of 
pain; it i.s of saiiie quality a.s previously but liniited the 
lel't side. 
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small was withdrawn at operation Irom the abdomen of a conscious 

subject; when vigorous peristaltic wuives ])assed over this exposed loop tlie 
patient groaiK'd and coinplaim*d of pain whicdi was not referred to the con¬ 
tracted int(‘stine, Inif. to tlie region of the umbilicus. The (issential feature 
of tln‘ pain is its inarrurate localization and diffuse character. 

(b) Hkcti’m AM) linADDEU. - Disbmsion of tliese, organs gives rise to 
sensations which in part. s(*(*m to (orne. vagindy from the site of the viscus.^ 

In studies like tliosi^ d(*scribed above in which oidy the hollow viscus 
(stomach, duodenum, small or large intestine) and its visceral p(U‘itoneum 
are stimulat(‘(L the pain ex|>erienced is not associated with cutaneous hyper¬ 
algesia, relh‘x muscular rigidity or deep tenderness. It wdll l)e shown later 
that wIkui as a r(‘sult of disease the parietal peritoneuui also beconu's involv(*(l 
the new allen'ut fibres stimulate<l give rise to rigidity and tenderness as well. 

Temperature Sensibility. This is ])resent in the tesopliagus, stomach, 
and rectum. 

(i) If very cold or hot food or drink is swallowed, a sensation of cold or 
h(‘at is f(‘lt passing down the middle line under the stcyrnuni (and not in the 
back). 

(ii) In a pati(‘iit with a gastric- fistula (]>. 780) a balloon was ins(;rtc‘d in 
the stomach and irrigatcMl with fluid at t<mij)eratures between 18'' and 40' C. ; 
this procc‘dur(‘ arouscal no temf)erature response : outside these limits a 
tempc'rature change* of 3 C, was ap])reciated. 

(iii) Hot or cold fluid introducaul into the rectum is correctly described. 

TIjc seiisibiliiy of the stomach, a]>p(‘ndix, and large intt‘sline is further 

described b<‘low. 

Stomach, 'fhe effects of distension and heat and cold have alrcaidy beam 
considered. In the* patient with a gastric fistula, light touch applied to the 
normal mucosa was not a|)preciated ; light jjressure (30 g. per sq. cm.) was 
felt as ])n‘ssure, while heavy f>ressure (100 g. pc^r sq. cm.) gave rise to pain ; 
iji both cases the localization was roughly correct. Severe distension gave 
rise ti) dilfuse j)ain accom|)aiii(*d by nausea. Nocuous stimuli ap])iied to t.he 
mucosa, c,p. pinching with forceps, faradic stimulation, application 0150-90% 
alcohol, X. 11(3, O'Ln. NaOll, or a 3% suspension of mustard had jio effect 
on th(* nitrtnal (pii(‘scent organ but aroused pain from the injlamcd or the 
engorged mucosa. Very strong gastric contractions produced pain; the 
thn‘shold was lowered when tlu* mucosa was inflamed. 

Paj n ok Tkitu: ri.(’EH.“ Tin* pain of ulc(‘r of the stomach or duodenum 
is probably dm^ maiidy to the action of acid or other irritants on a Jf/fper- 
srnsitivc. region of the mucous membrane. The evidence is as follows : 

(i) The pain tends to follow a meal after an interval whicli varies with 
the position of the ulcer ; the interval is about an hour with an ulcer near 
the incisura. and threir hours or more in duodenal ulcer. Pain generally sets 
in when gastric acidity reaches a cluiracteristic threshold level, e.g. pH 1*5 in 
some, or lower h*A’els of acidity in other cases. 

(ii) The ingestion of food, winch decn^ases gastric acidity, always relieves, 

' Ureteric [Reiuil) (. 'otic, n stone passes along I he ureter severe pain is experieneed 

on the same side in the dislrihiition of J.,1, often neeornpanied hy rigidity and tenderness 
in the same regiim (p. 748). Inflammation of the ureter and periureteric connective 
tissue may perhaps account for the latter changes. 

Palmer, Arch. int. Med., 1926, 38, 694. Bonney and Pickering, Clin. Sci., 1946-48, 
6’, 63, 91. 
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and usually abolishes duodenal ulcer pain. Food often relieves "astrie ulcer 
pain, but. usually the pain has disappeared befon^ the n(‘xt iiieal is taken. 

(iii) Voniitin.ir, whi(‘li rein()Vt‘s acid tiuid from the stomach, relieves pain 
iieiierally in trastric and soimdimes in duodenal ulcer. 

(iv) Moili vaih'ties of peptic ulcer are reli<‘V('d by alkali. 

(v) In ])atients w'ho an* e.xperiencinj; fre<jnent boiit.s oi' sponffn/rons pain, 

the introduction of 2(K) c.c. of into the stomach vvh(*n pain is 

abs«*nt |)roduces ])ain. If the acid is introduced into the stomach when tlie 
[)atient is free from spontaiu'ous ])ain, no ])ain is produced. Similar results 
are produced by other acids, c.r/. HoSO^ or strong; alkalis, *\p. NaOlf. 

In tile crater of an artirr ulcer pain nerve endin.L^'< are exposed atid their 
sensitivity may be enlianced by intlanimatoiy products or chaiif^es in the 
local blood supjily. In the.'^e circumstances tin* acid which is normally 
secreted by tJie ^zastric mucosa, or acid or other irritants which are intro¬ 
duced into the stomach, may set up a sufficiently vigorous discharge from the 
nerve endings to give rise to a pain sensation. If the inflammation or con¬ 
gestion subsides the discharge set up by the less sensitive endings in response 
to the same stimuli may be inadequate to produce a pain sensation. Simi¬ 
larly during healing of the ulcer the nerve endings become covered with 
mucus or scab, blood clot or granulation tissue that protects them from 
nocuous stimuli. 

Pain may however occur in peptic ulcer cases with achylia or at low levels 
of intragastric acidity ; in these some undetermined factor must be effectively 
stimulating the pain nerve endings. 

The external surface of an ulcer is generally insensitive to mechanical 
stimuli, e.q, seizure with toothed forceps. 

When pain occurs in peptic ulcers, it is generally accompanied by rigidity 
and by tenderness in the epigastrium, usually over and in the recd-i; if the 
abdominal wall is anaesthetized by blocking the 5th to the IJth intercostal 
nerves the muscles become j>aralysed and the tenderness disappears. The 
im])ulses directly responsible for the tendernes.s are thus travelling in nerves 
coming from the abdominal wall and not from the stomach itself. But as 
shown in Fig. 5(K.), impulses from the stomach acting via braiichirig axons may 
lie resf)()nsible for the abnormal state of the al)dominal wall. The antidromic 
impulses on reaching the l)ody wall release a chemical substance which 
enhances the excitability of the local .sensory endings as explaiiied on p. 747. 

Acute Appendicitis. In the initial .stage of the dis(‘ase, .sev(*r(? pain is 
felt, which is prohably due to appendicular distension ; it is imperfectly 
localized to the central part of the abdomen in the r(*gion of the uinhilicus ; 
it is unaccompanied by tenderness or rigidity. In the second stage tlie. pain 
becomes localized to a restrietid region on the right si(I<‘, and is associated 
with d(‘ep ten(lerm*ss and rigidity. The.se latter signs are probably the 
results of impulses from tlie involved parietal ])eriton(‘um. It is claimed tliat 
the location of these signs varies wdth tfie ])osition of the appendix, and de- 
jjends on the region of the parietal p(*ritonenm that is involved and the 
(somatic) aflerents that are afTeeted. The jieritonenrn over the posterior 
abdominal wall is less sensitive to rneehanical stimuli than the anterior; a 
retrociecal apf>endix in contaet wdth this part of the parietal peritoneum 
may consequently give rise to little localized jjaiii. 

Large intestine.—The crushing of a colostomy (or ileostomy) spur is 
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carried out witlioiit a, local a.iuc.stli<tt;ic. If the sjjur is crushed 
pioccnical, not more tha.n one inch at a time, the procedure is usually painhiss : 
if (d* spur are crusli(‘d at oik'c ]>ain fre(jueiitly results. Thus iu a case in 
which till* spur consisted of lu^althy ascendin<r and transverse colon the crush 
])roduced pmeralized de(*p alxlofiiinal pain, 

nausea, and a fe(‘liji^ of fai!iln(‘ss. In aiioth<*r - 

case, in which the spur consisted of healthy 
terminal ileum and low sijzmoid alfected hy 
colitis the crush produced severe continuous 
j}ain ‘‘like juri|»es *’ in the centre f)f tin* 
ahdoim*!!, lastinj,^ 7 S hours and rerpiirin*^^ 
two in ject ions of nau phineto make it hearahle. 

These observations (Kinsella) ajzain illustrate 
the ])riM(‘iple that ]»ain (;an be arousefj in 
normal viscera if th(‘ stimulus is sffffirirHthf 
srrerr rjit'itslrc. while sli^httn* stimuli 

sufhee if the viscus is made mon* susceptible 
as a result of inflammation. 

Mesentery. A pull (»n the mesent(*ry 
readily piodiic<'s pain, pndtably Ix'cause the 
])a.in fibres from a lone str<‘tch of bow(‘l are 
condensed round the blocul vessels: ; I 

stimulus can thus stimulate' many i Fio. 50:k-~Kfreet of Stimu- 

fi])res. Int,ion «.)f Central End of 

Interrelationship of Autonomic and Va^usoiiKmc-jiTk. 

Somatic Nervous Systems.-Tl... sIum ,. 

distinction which is custoinarilvdrawn ladwccn 

. . 1 . , 0.qt. Clilorulow*. ana's^UiOHia. 

the aiit(»noniic and somatic tu'rv^ous systems. lucords from above down- 

tliough useful f«)r j)urp()ses of descritdion, 

is to a eonsiderabh' (‘xtent misleadin*r. vressure: siKnai line; time 

4 iv i ■ I i> j.’ ^ ^ b) .30 ROC. Diiriim the fail 

Aflerent impiils(‘s from somatic stnicduros may m tiie signal the eemrai end 

n'llexly in(luenc(* viscera : cjl stimulation of 1,'/,“'/* 

the central end of a skin or muscle nerve mav .Note tiie “inhibiiorv after- 

i’.'tle.\Jy iilfert tlio hciirt rate or l)lood |.rc,ssnrc. "km.Hl'rk 

Coiiverselv, uilmnil iiii))iils<.*s from visocra. pmists r.>r a lanwkii-mt.ic 

may inllmmct^ the activitv of ventral horn tiem is discontinued. The 

colls (lor c.van.].les cf. pp. 751. 751. 701). Bot.l. 

sets of results illustrate tin* j)lu*110im*non of iuK: to normal. Later on in 

rnafUaliOH, i.e. that impiilst^s do not exp<*n<l sure fell spontaneously hut, 

tju'inselvcs (‘Xclusivelv in tlnur own SCirment- tlie knee-jerk was unalfp(>te(l. 

.... /• 1 * I ' 1 hese Iasi, two jioints prove 

or division ot iht* ctMitral nervous system, tiiai the depression of the 

l.ut tend to .s,,Tca.l moiv wi.lcly to involve 
additional centres or rcfrions, even some ohanKes. 

whichari' generally rc"ard(*d as Ix'ing unrelated 

portions t)f the nervous system. Several striking instances of widespread 
central viscero somatic irradiation may he fjuoted. 

(1) Stimulation of the central end of the vagus nerve roflexly inhibits 
the knee-jerk (Fig. 503). This eflcct is not due to the associal t'd fall of blood 
pressure or change in breathing, but is ])roduced by impulsi's which enter 
the medulla and pass down the spinal cord to reach the lumbar ventral horn 
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cells. Ill aninials under liijht cliloralose anicsthcsia, g(*ncralizod spontaiKHUis 
muscular movements are common : these, too, may be relh'xly inhibited by 
central vagus stimulation, the impulses in this case inliiluting ventral horn 
cells throughout the spinal cord. Even strychnine convulsions may b(> 
reflexly inhibited in the same way.^ 

(2) A rise of ])ressure in the carotid sinuses may ]>rf)duc(^ gemual muscular 
relaxation and all the phenormma of natural sleej) (FIlj. bOl). Bodily mov(‘- 
ments cease, the head and tail hang limply, the <*yeiids are. partially closed, 
the [uipils constrict, and only feebh^ responses to nocuous stimuli can be 
obtaiiHKl. On lowering the pressure in tlie caroti<l sinus the animal \vak(‘s 



Fio. r»04.—Koflox Kffect of liaised Carotid Sinas Pressure on Consciousness. 
(After Koch, trom Schweitzer, Irradialion Aidouonwr lirjlvxc^ lU.'iT.) 

('iiaii}i*stl)Oti/p(l (lo '4 ; ri«ht iutuTvaU d carot’nl sinun prciKircd so tliiil tin- pn ssun- in it r.oi 
be arlilicinlly niised froni p« rrii.sMiii apparatus. Hei\v»eii A aiirl I; tin* sinii.' pressure 
was raised to inm. Hjr. In ll, mii.scle t.Oiie dLsappears ami the atiitiial is in n staO? 
wldeh resendiles normal sle«*t». 


up suddenly. .Stimulation of vaso-seiisory nervtis may thus induce a gtmeral 
traiice-like state (ef. p. 080). 

(3) Vagus ajtiima is aiioiher good instance (p. 388). TIk*, inspiratory 
centre (p. 384), which is a com])lex group of automaticully discharging cells 
controlling akelcial muscles may be inhibited by allereiit im|)ulses coming in 
the vagus from a viscus, the lungs. Stimulation of th(‘ ctmtral (uid of the 
splanchnic nerves may liktjwise reihixly modify brc'athing. 

(4) Wh(U‘e the higher levels of the brain are considered, (‘xaniples ofre/lextss 
involving inuseles and viscera simultaneously are numerous, cjj, the rage 
reaction of the thalamic animal (p. 004), other kinds of reflex emotional 
reactions or the complex responses to heat or cold. The cerebral cort(*x also 
controls visceral activity, as is seen from the results both of stimulation and 
extirpation experiments and of disease (p. 071). 

* Schweitzer and Wright, »/. PhyshL, J9.‘17, 4/)U. 
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PHYSIOLOCV OF MICTURITION^ 

Efferent Supply of Bladder. —Tli<i fibres to the bhidder coino 

both from tlie sf/tnpafJ{dic and tlie stuual auLouomic. 

Tlie detailed anatomy of these nerves has lanm carefully studied in man “ 
(Fij;. bOb). Tli(‘ st/hipft/idic eoime(‘tor cells lie in the ‘^rey matt(M' of the 
first and second liind)a.r sc^rnents of the spinal cord. The connector 1ibr(\< 

take various routes.t hroiijj,h the lateral sympathetic chain, and through the 

cadiac and su|)erior niescntric ^an^dia - to form a nerve Jyin^ in front of the 
sacrum - the prvmcml nerve. 1'his divides at tlie level of the first pi(‘(ie of 
the sacrum into two hffjKtfjastric nervex which end in the hyp(upi.slric fpinylid 
on th(* lateral aspects of the rectum.** The sacral nuftaafinic libn‘s aris(‘ 
from cells in the second sacral, and less constantly from the lliird sacral 
segments, and pass in the nervi erigeiiUss, likewise to end in the liy]K>gastric 
ganglia which serve as 1 h(^ cx(‘it<»r relay station for both sets of iibrtvs. From 
tlie anterior bonier of these ganglia, sympathetic and autoiuunic ])ost- 
ganglioiiic fibres arise and }ia-ss to tin? bladder both the body (detrusor) and 
internal spliimdcr. 

The prosfafic areihra and the external sp/iincfer receive* edfenmt somatic 
tihres from the pudic m‘rves. 

Kfkkits of SvMi’ATiiK'i K' STIMULATION. - 1 11 aiiiinals the body of the 
bladder n‘laxes and tin* spliincter vesiea* contracts. Lcarmoiitli obtained 
the following results on stimulating the prcsacral (sympa,th(*tic) nerve in man : 
closure of the ureteric orifices, contraction of the*, internal s])hin(*ter, incr(*,ase 
in the tone of the trigone and vasoconstriction in this region. In addition, 
there was contrae-tioii of the muscle of tlie seminal vesicles, the ejaculatory 
ducts, and tin* prostate, and the contained secretions W(U(*. s(pu‘(^z(*d out 
(p. 1 job). No I'flecl was obsiu ved on the dome or lateral walls of tlie bladder. 
Intravenous iiij(‘ctiou of adrenaline in man lowers the })ressure in the com¬ 
fortably full bladder ; it is therefore probable that the symjiathetie nerves 
can ex(nt some inhibitory iiiHuence on the body of the bladder in man as in 
lower animals. 

Effkct.s of Sai'uai. Autonomk* Stimulation.- The internal sphincter 
is relaxed, th<^ detrusor is stimulatetl, and tin* bladd(T is enijitied. 

Afferent Supply of Bladder. —The afferent fibres probably take a 
donhie route : (o) along the sympathetic into the dorsal nerve roots of LI 
and 2, and the lower thoracic segments ; (b) along the sacral autonomic 
into the sacral dorsal nerve roots. They subserve two functions : (i) they 
indicate the degree of distension of the bladder; (ii) convey pain sensibility. 
Traction on the pri!sacral (sympathetic) nerve gives rise to a crushing kind 
of pain wdiich is felt in tJie bladder itself, i.c, it is localized surprisingly 
accurately and is not referred to the skin segments. The pain of bladder 

* FearnsicJcci, Brain^ 1!I17, 40, 149. Head and Riddoch, ibid. 1917, 40^ 188-2G3. 
Denny-Brown and Robertson, Brain, 1933, 5G, 149. 

* Loarinonth, Brain, 1931, 54, 147. 

® In the lower aniuialH the sympathetic relay station is in the inferior mesenteric 
ganglia (at the origin of the inferior mesenteric artery) from which hypogastric (post¬ 
ganglionic) nerves arise. In man, however, the inferior mesenteric ganglia are rarely 

present. 
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ilisease is diiniiiislied to a considi'raldr oxttMit ])v section of tlio prt'sjic'ral 
(syni])athotio) nerve ; it is abolished totallv, however, wlien t-lie sacral 
parasympathetic fibres are also cut. 

Cortical Control.- -Tiie patli of tin* afferent fibres witliin the centra,! 
nervous system is not known. A lii.i»her centre for coni rol of tin* bladder 
is described at the top of tlie motor area of the c(‘n*bral c(n*te\ on the medial 
aspc^ct of the liemisphere in association with the centres for the ])eriiica 



Kjc. TjOa. Iiin(*rvati(ui oftln* |{ta(lder. (Leannonth, Jirain, ItKil.) 

The din^H'ani shows the lorriiation of the jiresaeral nerve (Presar. .\.) from a inithlle root and two lateral 
roots. <'<i*.liue.A.. Sup.Mes.A., Inf.Alos.A. =ro‘liae, Htiperior iiieHeiiterie and inferior ineaeiiterie artery ; 
(’.O,, It.O. - Codiae ^jni}»lion, n nal ^aiiulion : .M.P. niiddi*; root of presacral nerve derived from 
fibres from (.'.(J. and H.O. which come down tlie front of the aorta and interhnre round tin* origin of 
the inferior im-senteric artery. The lateral roots come from the first to the fourtli lumbar gauglia. 
nyp<ig. N. --hypogastric nerves. 


structures. The path in the human spinal cord for th(*,se motor fibres from 
the cortex lies lateral to the pyramidal tracts inttjrmingled with the spino¬ 
cerebellar fibres. 

Postural Activity in the Bladder. —I’he bladder is an organ in which 
th(‘ phenomena of tone have been exten.sively studied. 

(i) If fluid is injected into a bladder 24 hours ajlcr death, no rise of internal 
pressure initially takes jilacc*. The fluid servcjs first of all to straighten all 
the folds that arc ])rosent; then, as more fluid is pumped in the pressure 
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rises with iiicn^jisin^ nipidity l<»r ov(‘rv IVesli ris(* in hladdt'.r contenl. On 
reaching tlic limit of elasticity of the bladder wall the gradient of asc(!ndint!; 
int<?riial pressure becomes very steep before the final [)Lirstin^ of the organ. 

(ii) In the initial stag(‘ of shock following complete tranS“H(*.(*tion of tin* 
spinal cord, similar results are (»btained, v.c. the bladd(‘r responds purely ' 
passively to distension with urine. 

(iii) TIk* normal bladder, linwevtu*. responds dilhu’ently. If tluid is intro¬ 
duced into th<* bladd(‘r t hrougli a catheter, c.ff. in (piantiti(‘s of 50 c.c. at a 
tinu*. th(' bladder j)ressun> rises imnH‘diat(‘ly on each occasion : but if an 
interval is allowed to (‘lapse aft.(‘r each bout of filling, the ju-essun*. fr(*(|uentlv 
falls to som(‘ (‘Xtent. tlioiigli the volume, of course, remains un(*lia.ng(*d. 
Th<'S(* points a.re W(‘ll brought out in Fig. 50tj. Th(‘ intact, bladder thus 
responds initially to distension by a contractile resistance whicli leads to a 



l''n:. KHe<*t of l‘'illiiig HladdiT ini InU'riial nressui'o. 

(I )(*nny-Hi'ow Ji and Hohertson, Hraih, lOIilh *>6'.) 

Onliii:it<’ |»r<;s.siirf ill nii. H^O ; aU.M;is-;a l»hul»lrr voliinu* in 

.)(»<j 1 fluid wrn* iiitn>iiiJ(M’(i iatu llir hladtliT via a rathoti-r an I tin* riisultinir pn'ssnty |•^'(‘o^^l•!^l. A shnrl 
inliTval was Muni allowtsl. 'I'ln' vcrtifal cirops of pr«-ssiirr in iifati' tin* ailaptatiou Uiat t.lnni takr> 
placf. I■'n^lllc^|• «|iianl.ilii'S ul'.’it) r.r.. wnc ilii'ii sin-(«-%^ivrly intro.lm-fd and tlic procrdnrr n-pi'atiHl. 
tin- iniirli niorr rapid risr of prirssiirr wlim Mn’ Ida ldrr volniin* rxi ri ds .‘•OD ( .f. 


rise of pri‘ssure ; siibsecjueiitly the bladder wall acliirhj adjosts ilsdf to the 
n<iw conditions, its fibres pn*sumablv elongat(‘ and the contc'iits are grip]>ed 
at a l<)W(‘r jjn'ssure than that which obtaimul |>reviou.sly. \Vh(*n one talks 
of four in tlie bladder or other hollow viscera, one has in mind these activ(‘ 
adjustments of the mtisele coat to variations in int(*rnal volume : as a result 
the cont(‘nts are subjected to ])ressures whicli vary to some t‘Xt.ent, hut vnt 
direriJif, with their volume. When the bladder volunn^ e.xceeds 500 c.c. tin* 
])ressure tends to rise more sharjdy and may exceed 10-15 cm. of water. 

(iv) As the bladder is filled [u-ogressively tlnu’e is first t he gradual ris(‘ of 
internal pressun*. just d(’scribed ; later trausieulprusaiu*e waves appc'ar which 
are at first small and unaccompanied by any sensation. With higlu'r bladder 
volumes (e.//. 700 c.c.) these contractions may cause pain and are associated 
witli a sharp rise of pn^ssiirc. By an (dfort of tlie will, i.e. a decision to hold 
th(^ urine, tlie contractions may pass ofl‘ wholly or |)artially and the discomfort 
disappears (Fig. 507). This, however, is only Ounporary, for the (jontractions 
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roc'ur, a pressure of 1(M) cm. of water or more is attain<‘(i, discomfort is acute 
and the subject begs to be alloweci to empty his l>ladd(*r. (Vuiversely with 
a moderate degree of tilling (e.(j. 200 c.c. volume), a decision to micturate 
leads to a sliar]> rise of vesical pressure before any a(‘tual efibrt is made, ami 
independently of any contraction of the abdominal wall (Fig. 507). 

(v) The s[)hinct(‘r miisch\s, too, maintain an attitude or possi'ss turn*, but 
their function is to maintain a constant jmsition and keep the nndhral orifice 
closed, exct^pt. of course, during micturition, whim their tonic; activity is 
redprocnlhf tern|)()rarily inhibited. 

Voluntary Micturition. -From these obscrvatioii.'s the mechanism of 
voluntary micturition can be deduced. As the bladder tills, its internal 
pressure slowly rises as already indicated. Foutruction waves appear which 
.stimulate the pres.sure receptors in the muscle coal and send afferent impulses 
to the spinal cord and thence up to tlie brain, which give risi* to a “ dcsiri* 
to micturate.*’ If it is iiieonveiiient to micturate, impulses fmm the cen*bral 



Ktrci’t f»f (^aisfioiisnt'ss on Ptiadiii r I’rcssiirr. 

{Denny-Brown and J{o!>ertsnn, Jimin, llKCi, ."ifi) 

Ordinate - iiladder |iressiirc in nn. H;0 : ab.sdsHa -riine in JO ."•'rs. 

In tin* intiTval Imtween lla- lirst and se< ond arrows there was <uiis< iou.s ” po pari'diiess lor niiet.iirit.ion.” 
which was a.s.soriated ivitii tin; initial rapid rise of pre.>«siire ; diiriiiu: .<■ // f iiere was ;i strring desire to 
hold water, as-soelated witli ees.sytion of bladder <Mnitruetion. 

cortex cause inhibition and elongation of tin* bladder wall, mainly apparently 
d^y iiilubitiug sa<:ral xtanif^yiripathetic ^ but also [lossibly via 

the symput&tic iH^rves widch relax tbe b)a<id(‘r musculalure. Tin* pressun* 
in the organ falls and the desire to micturate temporarily pass(‘s off (Fig. 507). 
By con.stant practice the bladder can be ac(;ustonn*d t.o accoinmodaD* very 
large volumes of urine before an uncontrollable and unb(‘ara]>le rise of intra¬ 
vesical pressure occurs. It is well known that many sedentary workers, 
and women especially, can hold their urine for very long periods without 
fii.scomfort. 

On the other hand, the bladder may be voluntarily emptied in resjKuisc 
to the “ desire to micturate.” Imj>ulses from the cortex tlion pass down 
to the sacral segments and along the nervi <‘rigentes to .stimulate the bladder 
wall and to reto.A.he ipfcrnal sphincter; the centre controlling the external 
sphincter is re%xly ixihibitcS. Certain accesapry muscles ar^^ : 

the perjnguni is relaxed, the ahdomiixaL*Jttall contracts, the (liapliragm 
descwids,'and the lueathiA held with the glottis.closed. Tlu; result ing rise of 
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iiitra-abdoiniiuil pressure compresses the bladder from without. The intra¬ 
vesical pressure rises stec»ply and the bladder is (‘vaciuatcid. Micturition can, 
of course, be carried out voluntarily before urgent allerent impulses have 
been receiv(*d. 

In young childi'ni the jirocess is diflerent.. PosTural aclivitv in the 
bladder is less ]>erfect, and cpiite small (juantities of urines may raise the 
pr(*ssure sulHciently to scmkI affenmt impulses up to the cord. The higher 
centres are not invdlv(*<l and micturition occurs entirely retlexlv (]K‘rhay)s at 
the spinal level) from stimulation of the nervi erigeiites. 

TJie postural behaviour of the bladder can be inilueiieed by a variety of 
circumstances, in certain forms of emotional .stress, as in the anxious 
moments prec(*ding an examination, the ])ower of tiie bhnhhu- to i^longate its 
fibres as its contents increase, appears to be in abeyance. Tlie well-known 
result is that there is a. constant desire to micturate, with the passage*, of only 
small <|uantities of urine on each occasion. Ki(*(jn(‘ncy is piodiiccd in a 
sintilnr way when the* bladeler wall (or mne*ous me‘ml)rane‘) is irritated by 
indainmatioii or stone. The* nature of the disMirha.ne*e* in the s<»-(^'^lle‘el 
“ e>mlr<^sis e)f children " is not ele*ar. Many anth(»rities l>elie‘ve‘ the* tremble* 
is psychical and that it is analogous te> the* “ e*moti<mal ' fre*(pie‘n(*y de‘se*ril>e*d 
above\ 

Effects of Interference with Nervous Control of Bladder. - 

I. Section ok Svmi'ATIIETK^ SrccLV. In man, the* imme'diate e*nects, as 
would be expeete*el, are re‘la.\ation of tlie ure*t<‘ne* orifice‘s. the* trigone, a.nel 
internal sphincter ’ ; later, tlie inte*rnal sphincter may re‘eover an<i close 
e'ompletcly, though it gives way easily when a cat]ie.*te'r is passed. After an 
initial and ine^emstant period eif freepiency of mictijritie)n, bladde*?* function is 
re*-e*stahlisheMl in a comparative‘ly normal way. 

2. Ix.UTRV TO S;\(*KAL NeRVK SlTlTLV. Ill se*Ve‘r<‘ e ases there* is e omplete* 
loss of vediintarv micturitiem ; the externa} sj>hincte*r is llace id. Tin* bladder 
re*8]»onds peculiarly to elistoiision : witli a small volume, e.tj. 2(M) e.c.. tlie 
pre*ssure may rise nifiidJy to 70 cm. of wate*r ; tin* bhidele*!* the*!! adajit.s 
itself ejuickly leading to a sliarp fall of })re*ssure* to say 30 e*m. of water. .After 
a. time the hladele’r, though eleprive'd of its motor imn*rvation, (*niptie^s 
itself periodically automatically through the* int-e*rvcation of the* local peri- 
phe*ral neuromiisc.ular mechanisms. The* iseilated " bladeh'r, if otlierwise 
imalthy, can resfionel to adequate internal diste'nsieui by contractiem of the 
dejtrusor muscle ; tlie\se eeml ractioiis, however, are iie)l. as powerful or as well 
co-ordinated as normally so that mieturition is incompletely performe*el and 
has to 1)C aided by fTie* (‘emqiression e*llect. of abdominal eontraet ion. Large 
^uantitie^s of residual urine (c.r/. 300 e.c.) may be* left in the* organ. 

3. ’ Lnmuhv Te) Akkkhknt WrcPLV. The allerent impulses from tlie bladdeu* 
may be lost or diminished from Ie*sion of the lamlxt-sarraJ (iorsaj nerre raafs, 
as in tabes. The patient is uiiaware of the state of distension of the bladder. 
He can still micturate at will, but if he does not elo so at regular intervals, 
the accumulation of urine preci])itates involuntary automatic evacuation 
(cf. 2 supra ); or else the ])re.s.siire in the bladder may rise till the resistance of 
the sphincter is passively overcome and dribbling occurs (cf. p. 502). 

4. Injury to Corticat. Control.— Eilerenl control of the bladder is 

' After complete syinpathetic fleii(*rv;»li<»n, ejacMiI.itifUi can iiu longer take plair, 
tliough j»HyelHcal orgasm and erection oe<*ur ; stcritHy therefora results 
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distiu'bed in iesiona in the vicinity of tin* ytjramidnl tracfa to the lat('ral side 
gf wliicli the fibres for the voluntary regulation of the bladder are probably 
found. The ]nitieut is completely conscious of all events occurring in his 
bladder, but voluntary control of inicturition is interfered with. The patient 
has difhculty in initiating the act, and, further, he cannot hold Ids water at 
will': when tlie desire comes on he r(‘sponds to it inimetliately. In other 
words, voluntary control of both motor and inhibitory fibres to tin; blad(h*r 
is impaii^>d. Such symptoms occur in any spinal lesions involving both 
}>yramidal tract n;gions, c.//. disseminated sclerosis, early c(Vtnpression of the 
cord, or syringomyelia. 

5. Ac’UTK Thans-ski'TIox of thk Pord. If the s[)inal cord is completely 
trans-sected by some acutely acting injury, voluntary micturition is completely 
abolished. Tin* activity of the detrusor muscle remains in abeyanci* for a 
long period, l)ut sphincter tone returns very soon. .At this stage the bladder 
res])onds to tilling in the sann; way as the dead organ (}). 708) or like an 
(‘lastic bag. Retention of urine is therefore com[)lete from an early stage. 
If no catheter is passed, the bladder becomes increasingly ov(‘rstret(‘h(‘d. 
The .sphincter is linally forc(*d o})en by the high intravesical pressuiV and 
inall (juantities of urine escape at frequent intervals -a condition of r(‘.ten- 
don with overllow.*' Owing to the exce.ssive stretching of the bladdtu* wall, 
"its nutrition suffers and it bt*comes very prone to infection, (/vstitis may 
occur, and d(‘ath lesults from tlie usual complications of a.s(*ending urinary 
infection. If the inllammation is of a lower grade, the bladdt;r shrinks and 
the musculature is so damaged in cou.sequence that it beconuis incajiable 
of (*v(*r again responding normally to internal stimuli ; it contracts at 
irregular intervals and evacuates small amounts of urine. 

If the l»lathh*r is catheterized within 24 hours of the spinal injury, fitful 
evacuation of urine may occur at intervals, but most of the urine has to 
be drawn off. As recovr*ry occurs, the bladd(;r res])onds with iiKTcasing 
forci* to distension with urine .so that the pre.ssure ri.s(‘s shar])ly : but if a 
constant volume is left in the bladder the pressure ra]jidly falls again. In 
the cour.se of time, reflex micturition bca.-omes more perfectly (established. 
The voluiiK* of urine pre.sent in the bladder l)efore reflex evacuation occurs 
shows wide individual variations. If the subject takes a deep breath his 
bladder, wdiich usually einjiti(*s at a content of c.//. 380 c.c., may empty wlum 
it contains no more than c.//. 80 c.c. Similar r(»sults follow wdien tin; flexor 
r(‘th‘x is elicited or tin; glans ])<*nis is .stimulated (p. 092). Reflex evac.Ui|,tion 
can often be ju'oduced wh(*n a catheter is in position, though it may lx* 
impossible oth(;rw'i.se. Presumably in such cases tin*, coordinated inhibition 
of the sphincter has not yet l>een establisluKl, and tin; detrusor muscle is 
unable to overcome the resistance of the sphincter. 

W'hen the functional activity of the isolated region of the spinal cord 
beconuis depre.s.sed through toxaunia, reflex bladder activity [)as.ses off in the 
r(vverse order in wdiich it has returned; tin; detrusor w^eakens first (wdth 
retention and overflow^, and finally sphincter Ume is lost, and dribbling results. 
A similar state of affairs develops in any condition associated with extensive 
destruction or inflammation of the distal end of tin*, spinal cend. 

Effects of Obstruction.— Obstruction to the outflow of urine from 
the bladder may be due to anatomical obstacles (c.//. enlarged pro.state or 
urethral strictun;) or to furnff.ional derangements (c.//. a tonic .sphincter with 



I*ASS1VK INCONTlNKNt K 


t i’i 


a relatively weak detrusor); retention of urine conse«|U(!ntly tends to occur, 
and the intravesical pressure rises till it causes lixpulsion of tin; urine. When 
tlie obstruction is mechanical, the. stretchiu}; of the, bladder wall acl.s at 
first as a growt h sliniulus resulting in hypertrophy of its fibres and increase 
in their e.xpulsive power, which for a time enable the obstacle to be over¬ 
come. But when, finally, the bladder wall is overstretched, it becomes para¬ 
lysed. and normal evacuation no longer takes place. At first, .small rhythmical 
contractions may occur and account for .some dribbling, but in tlm main the 
escape of urine i.s due to overflow from the overfilhsi organ. This is referred 
to as retention with overflow, or pausin' iunnilitinirr. 
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VII 

DIGESTION 

.SI^:CKKTJ()N OF DIGKSTJVE 
THE SALIVA 

Innervation of the Salivary Glanos. —This is described on })p. 709, 7M. 
The sympathetic fibres reach the glands along the coats of the blood vessels, 
the excitor cell station being in the superior cervical ganglion. The j)arotid 
gland receives parasympathetic fibres from the inferior salivary nucleus 
along the glosso])liarvng(‘al nerv(‘ : the excit(»r cell station is the otic ganglion 
which sends postganglionic* fibres in the auriculo teni})oral nerve to tin- 
gland. The submaxillanj and suhlinffnul glands receive parasympathetic 
fibres from the superior salivary nucleus through the pars intermedia and 
chorda tympani; the excitor relay station is in nerve cells which lie in the 
vicinity of the glands. 

The parotid gland secretes a watery juice which is chiefly used for moisten¬ 
ing the food. The submaxillary and sublingual glands produce a sticky 
juice which is rich in mucus. 

Stimulation of the sympathetic is said to produce histological changes in 
the parotid gland and constriction of the arterioles. The parasyrn[)atlietic 
fibres are Hexieiotnolor Lc. they cause the secretion of salts and water, and 
dilatation of arterioles.Secn*tion of saliva is nornially produced refiexly as 
a result of th<‘ taste, sight, thought, or smell of food.^ 

Functions of Saliva. —These are mechanical and digestive. Saliva aids 
mastication and swallowing, it facilitates specsch, and helps to dilute irritants 
and to cool excessively hot foods. The unimportant digestive action of 
ptyalin takes place mainly in the stomach and is concerned with the initial 
stages of the hydrolysis of starch (p. 

The relation of dry mouth to thirsf is considered on p. fiS. 

1 Pavlov, Work of Jflffcsf.ire (Jlanffs, cHn., Lctiuioii, l!HO. Rahkiri, SerrHory 

Mechanism of Jh'yrsfive dlands^ edii.. Now York, IU4U. (Irossawin {HormoiU“.s uf 

Alina-ntarv (’anal). Physiol. Per., 11150, ‘J3. 

- For rli8cu.s.sioii of the eharij^es which take place in thcHc glands during activity, sec 
p. '20 ; see p]). (i7r» cl scq. for use of .salivary .secretion in the study of eoiiditioned reflexes. 

® (Lsoi-haco-Salivaky Rki-j.cx. If the a;.so]»hagus is (rut and its di.stal portion Ls 
stimulated, an ahundaiit flow of saliva nrsults. ^ITiis reflex depetxls on the integrity of the 
vagi. The imjjortancc of this reflex is that it enahles any holus whi(.*h is held up in the 
msophagu.s to i)e washed on. Peristalsis eaniiot he initiated in the (esophagus by means of 
mechanical .stimulation ; but when the reflexly seereted saliva is swallowed, it set.s ny) the 
processes of deglutition whi(rh ix-sult in coordinated eoutraction of the (esophagus, and 
the bolus is moved on. In carcinoma of the (esophagus, salivation, reflexly y)rodueed in 
the way described, is a common symptom. 

Gastbo-Salivary Reflex. —When food is introduced into the stomach of a dog with 
precautions to avoid psychic imy>res8ions, a flow' of saliva occurs after an interval of 
20 minutes. 
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SKCRKTIONS AND FUxNCTlONS OF UASTKIC JUICE 
Gastric Mucous Membrane. —Three types of ^Haiids are foiinrl in the 
gastrie. mucosa, (Fi<j;s. 11*3, 508) ^ : 

(1) The canllar fihntds oeeiipy a zone a few millimetres wude near the cardiac 
orifice, of th(‘ stomacdi ; they are mucus s(‘cretm" glands resernhling those of 
the [>ylorus. Nothing is knr>wn about their function or control. 

(2) Tin* fn/lorir fflatn/s commence mucous cells 

at the incisiira angidaris on tin* lesser / 

curvature : on the g?‘eater curvature SURFAC E/ 

they generally hegiii at a point consider- [ / / / 

ably nearer to the pylorus. The du(‘ts ^—►m — 

are long and the gland alveoli short : p| H 

the latter n*semble I»runner‘s glands of qxyntic * W 

the duodenum and st*cn*te an nlkahm- vH.Cl) J 

Iluid which is rich in and has 

(•onsidi‘rabh* in'utralizing power but is CSy 

f>oor in chloride and digestive enzymes. a Ch — peptic - 

Peripheral vagus stimulation (and ( + ?hi5T.) On-^- (enzymes) 


SURFACE/ 


OXYNTIC ■ 
VH.CI ) 


ACh — 
( + ? HIST.) 


PEPTIC r 
•(ENZYMES ) 


in some species sympathetic stimula- f (SnACh 

tion) leads to secretory activity in i / i 

this region ; little is known about the \ / I 

general regulation of pyloric secretion. \ I nff 

(S) Main gaMric ijlmids—The 1 W/ musc.muc. 

of the gastric mucosa (in the fundus, r —7 -- 

body, and part of tin* pyloric region) j —^f<jM£i5^ERS plexus 

contains what may be called the main / 

gastric glands (often referred to mis- j / 

leadingly as fundic glands). The ducts __, 

are short and the gland alveoli are long: p re gang 

the latt<‘r are lined by tw'o ty])es of vagus 

cells: the c/iief or pvpiiv which secrete 

pepifin (from an inactive precursor, Diagnun «*1 Nervr Supplv (»l 

• V 1,1 • 1 * # / (Jastrir Mucosa aiul ( ficuucal 

ym tl... ovou\j>,mr/al <.r Tiansmitfr,. C.m.rrn.-.l, 

ary/«/,rw)l.swliirl. s,HCyFifr.a ()8 . ni.r,.. of v»s„. 

(4) J he surface IimngOT thestomach end in MrissmrS J.li xus. Tr;ui.stiiit.tcr is 
consists of coliiinnnr epit.Iielial rolls m,- r's pi.xi.s ™,i 

between which lie many mucus secret- eland cfiis. TransmittiT t<> .riis 

, , ^ • , is nc<*tvl(*hi)lnM*: t«» oxvrilii' im-IIs it is 

_ mg goblet cells ; there are also many arrtyi.honn.* t • histat.un.-?). 
mucous cells in the necks of tlie glands. 

The main gastric glands secrete the Huitl generally called tin* gastric juici*. 
This contains (Fig. 511) : 

(i) A strongly acid solution from he oxyntic cells coiitaining (Kl 0*5“^ 
HCl {i.e. stronger than 0 * 1 ^’ which is 0*35“,,) and varying little in eomposi- 
tion ^ ; it is essential for jieptic digestion and has some antiseptic action.*^ 

^ 'fhe arrangement of the mu/ich phrrs of the stomach is clescrihotl on p. 807, 

“ Experiments on isolated gastric mucosa (frog) show that the oxyntic cells can secrete 
HCl at a concentration of 0-1 On (pH = l'4). 

* liaricria up to 100,000 organisms per c.c. may alst) be found, chiefly bacillus coli, 
staphylococci, and non-lurmolytic streptococci. The haciericUkil ponrr of the gastric juice 
probably prevents virulent organisms {e,(j. ha*moIytic stn'ptncocci) from entering the 
duodenum alive. 


MEISSNERS PLEXUS 


PREGANG 

VAGUS 

Kkj. r>US. Diagram of Nerve Su|)plv ol‘ 
(Ja.strie Slucosa and «tf (’hemical 
Transmitt ers ('oncfTiied. 

Cri'^aim. Vnmis: |iri‘uaimlioni«’ llhrcs <d' vaf;n> 
fiid ill .M^•issn^’r■^ jtlexus. Tran.sinit.tcr i'' 
A.cii (aivtyldiolinr). 

|•ost^an^rUo^u^• lihres from Mris.'^ner's plexus end 
In eland rflls. TransmittiT to prptii- «i lls 
is nc<*tyl(*hi)linc: to oxyntic cells it is 
acctylfholinc ( ; histamine ?). 
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(ii) Pe]>tiiti (and }K‘rliaj)s reiiiiin and lipaso) Ironi tin* idiief ntdls. IVpsin 
(in tlio presence of H(M), breaks ])roteins down to ])eptones (p. STS). Rennin 
curdles milk ; it acts on tin* caseino^en (jf milk and, in tin* pn‘sencr of ionic 
calcium, insoluble calcium caseinate is precipitated. 

(iii) IKtiihsir factor (in man) ([». 2()I). 



Fio. r>09. Effcit of (Vailimied \’amis 
Stimulation on (Jastrio Srcrotiori. (Bowie 
and \'im*lM r;L% Qnfirt. J. ejrp. rhi/blol.^ 
1030 , 25 .) 

I)o« : pmplxa'al vamis si.iiiiMlatcd for liours. 

Tin* ordinates from aliove ilf)wiiwards are : 
fi) p(‘i>siri in arbitrary units, 

(ii) volume of «astrie juieir in c.r.. 


(iv) M actH, both dissolved and 
visil)le. from tin* supt‘rficial ami 
neck cells. 

Peripheral or reflex va^al stimu¬ 
lation causes simultamuuis secndion 
of the enziymes, HCl. and mucus 
from the main eastric izland ar(‘a 
(Fi^^ oOO) : these coiistiluents are 
not n(‘cessarily always secrett'd in 
thesanu' [)ropt>rtif>ns. The secndion 
is accom pan it'd by vasodilatation : 
the mucosa becomes rose red in 
colour. 

The traslric mucosa also rt'leases 
sev(*ral hormones itito the blood 
stream. Tlie bt'st known nrc (/astna 
and catcroffastronc. 

The chemical transmitter of the 
vagus to the stomach (as elsewhere) 
is acetylcholine ([>. Tllb Fig. oOS). 
After meals or vagus stimula-tion 
normal gastric jui(*e also contains 
histamine which is unrelated in 
amount to the histamine corna'iitra- 
tion in the bhanl.^ The phy.siological 
significance of this histamine con¬ 
tent is uncertain, but it has been 
suggested that in the case of the 
oxyiitic c(‘lls of the stomach two 
chemical mediators arc successively 
involved: stimulation of the vagus 
first releases acetylcholine; this 
in turn releases lustaniine which 
penetrates into the oxyntic cells 
to cause a discharge of HCl (Fig. 
508) ; some of this histamine 
secondarily esc.a})es into the gastric 


(iii) total liCl in u., .M rruted pr;r hour. 

Note f.li<‘ lii all tbrff valuos. 

juice. 

Collection of Pure Gastric Juice.—In animals (dog) the following 
procedure is employed. A special stomach pouch is prepared as described by 
Pavlov (a Pavlov pouch (Fig. 510)). A small pouch of the stomach is separ¬ 
ated from the main body of the organ by a double layer of mucous membrane : 
the open end is brought uf) to the surface of the body. The nervous and 
vascular connections of the pouch are left intact. Pure gastric juice iinmixed 
* Code, Ualien and Gregory, Anrnr, rhysiol.^ 1947 , 757 , 593 . 
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with food (*{111 l)i‘ ()[)taiiM*d froni the* |H)iK*h while the di^c'st.ivc [iroct^sses lire 
procMnnliiitj; in the nifiin stonniidi. Tin* va^iis nerve* is (exposed in the neirk und(*r 
ainesthesia and divided. A few days are {illoweei to elapse* for the iidiihitory 
iihres to tin* lu'art to degenerate ; for some unknown reason the vii^ral fil)r(*s 
to th(i stomach (and juinereiis (ef. p. 7'jn)) survive longer than those to the 
heart. The ])eri|>h(*r{d end of tin* Viigus may th(‘n he stinmlat(‘d in the nn- 
amesf het ized {iniimil : {i Ihiw (d* gastric jniee results after a slnjrt hi tent period, 
proving that tin* vagus is the si*en‘tory iiervi* to the stomach (Fig. o(l9). 

Follkctio.n ok (hvs'i’KK’ Jri(’K i\ Max. This is usinilly aspirat(*d from the 
stomach after swallowing a fine ruhher tube* (ef. p. 7-^1). In cast's oi ffastne 
/Islula (n'Siilting from injury or o]»erat.ion), pure juice* may he dirvctly ohtaiiu'd 
:iini tin* mncosii can hr* n*adily insp(*cted (p. 7St»)- 

Regulation of Secretion of Gastric Juice. t - There are three j)hases of 
gastric secretion. Tin* \/AG\(cut) 

first is the crplialic or — 

tiervous phase Avhich is 

due to rc'lh'x stimidation oesophagus 

of tin* vmius nerves ; tint 

juiei* so fVjrmed is called ,, cardiac SPH 

psychi(t or appetite juice. j H 

This is folhwed by tin* jj ^ ^ gastric 

chemical phase, which is ^ fistula 

suhdivid(*(l into a r/astric ^ if 

;nnl {in intestinal pluisr*. -[jnj ov // 

In tin* chemieiil phasr*, 

hormones are {ihsorhed pyloric^‘"^^*^^^^^*22^^ PAVLOV 

into the blood stiviim, /r partition pouch 

reach the stomach {igiiin H 

via (he epilation ami exctants o V pouch 

mmliiy its sm^ratory p I rectum ^ 

{letivit.y ; tin* hormones _J 

inelinle the excitatory 

agent aastrin, and tlie —I diagram illustr;itiiig lv\jHTimental Analysis 

iidiilutorv-ormO Humoral l-aetors regulaling Oastrir Secretion. 

\\ * \ i' ' Tin* ])vlorie parlilion i.s at llie pvlorie spliineter. 

trnne. Absorbed products 

of digestion may act simihirly. Tln^ regulation of g.istric se(*retion is most 
readily inv(istigated by means of animal experiments w^liich anj described 
below ; human observations will in the main be considered later (p. 781). 

I. Nervous Phase. Appetite Juice. —If the vagi are intact, the sight, 
smell, or taste of food reflexly produ(!Cs a How of gastric juice. The secretion 
thus obtained is the psifchic or appetite juice. Tiiste is the most ('ffective 
stimulus ami sets up an inborn reflex via the brain stem ; the sight and 
smell of food set up secretion by means of .‘in actpiired or conditioiu'd rellex 
(via th(i cerebral cortex (p. (>78)). Chewing indiir(*rent suhstances not related 
to food is in(*fl(*ctive. Appetite juice is well demonstrated in animals by the 
method of sham feeding. The oesophagus is exposed iu the neck and divided, 
and the two cut ends are brought up to the surface. Sham feeding or driidcing 
can now be carried out, i.e. food is given which is masticat(Mi and swallowed, 
but drops out through the upper end of llu* cut a*so])hagus. .Appetite juice 
> Kahlson, Brit. med. 11I4S, ii, lOUl. 

2S* 


PYLORIC 

PARTITION 


eXCITANTS O 


GASTRIC 

FISTULA 


PAVLOV 

POUCH 




DENERVATED POUCH 


► in.—Diagram illustrating Iv\pi*rimental Analysis 
of Humoral ra<’t»)rs rogulaling Oastric Sei’rotion. 
Tin* ])yloric partilinn i.s at llu* pyloric spliiiictcr. 
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(in tin* ilog) m response to sham feeding sets in after a latent period of 5-10 
minutes ; the volume st^creted reacdies its p(‘ak after 1 liour and persists for 
3 r> hours. Tlie juica* is highly aeid and has a high pejjsin concentration. 


A[)petite juice is not esscmtial to 



HOURS 

Fio. all.—Effect of Gastrin on Oa.stric 
Secretion. (Komarov, tier. (Umml. 
fiioh, Iffgl, /, ;{S0.j 

Cat under <’horalosc ; ('(innulatc* »*iilirr ?.t(unarh. 
The ^'iisirin nn-paration was liistaniiurTn-i* 
and iiad no I'H't'rt on hlood [trf.'tNiin*. Kaclj 
arrow n*pn*s»‘nts lli*- injection of 20 inir. r»f 
tjastria. 

accords from alwvc downwards arc ; 

(i) HCl in in.Kq./h.. 

(ii) volunn* of gastric juice, in c.c., 

Oil) ja psiti in jir])itr:iry unit.*., .‘<fcrctcd jmt 
lialf hour. 


liealtli. When it has heeii alxdished hy 
section of tin? vagi, digestion is not 
impainai. It is of value, however, in 
initiating the digestion of tlie food ; 
.sonn‘ of the products of such digestion 
by relea-sing gastrin and pertiaps in 
otlnu- ways product* a further How of 
gastric juice [iuj'ya). 

Appetite juice may l>e secreted in 
ntan in n^.sponse to the sight or smell of 
ap[)etising food, or when a meal is 
(‘hewed and iminediatelv spat out; the 
secretion is usually of brief duration but 
is accom}jani(?d (as in animals) by an 
increased blood How through the 
gastric mucosa and increa.sed nnitility. 
The efT(‘cts of fear and anxiety are 
considcn‘d on p. 7S(>. 

2. Chemical Phase. Gastric Re¬ 
sponse to Food. —If certain foodstuffs 
are introduced into the stomach directly 
via a gastric fistula (Fig. 510) a secre¬ 
tion of gastric juice is obtained after 
a latent period of 30- (iO minutes. The 
volume of juice reaches its peak in 
2 hours and secretion continues for some 
hours afterwards; tlie juice has a high 
a(;id content but its [lepsin content 
is lower than tliat of vagus j nice. Under 
natural conditions the appetite juice is 
followed by the chemical response to 
tlie presence of food in the stomacli. 

Mkchanism (jf Chemical Phase. 
The following substances jiroduce a 
secretory respoiLse; (i) meat (extracts; 
(ii) certain foodstuffs, c./y. bread, 
egg white, meat, milk, and their 
digestion products; (iii) liver extracts. 
Distension of the stomach also stiriiu- 


Oastriti Stimiilatrs of uasthr Miiid and ill fLnor. 

arid, but not of pf^Hin. Tin; rc.^f.onsr is not ga.Strit.. MX rctlOfl. All tnOSO 

aniiulii'd by airoj.iiH-, (cf, Fi«. r,22> proccdures produco their effects by 

releasing gastrin into tlie blood streanl. 

The chemical phase is not due to reflex secretion via the vagi as it persists 
after (mtting both these nerves. It is not due to a local reHex through the 
intrinsic gastric plexus (i.e. Meissner’s plexus) ; thus when a suitable food 
is introduced into the main stomach, a secretory response is obtained from 
a completely separated and denervalad stonmr.h pouch (Fig. 510). This last 
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Jilso proves tluit tin*, c 
jiliistric l>y n action. 

linrnion(‘. (;i;;istriii) is 
into the veins, <nitets tlie <i(‘neral 
circulMtion and reaeli<*s tlie gastric 
elan<ls via tlaMr arterial hlood 
sii|>]»ly. 

d'lie struct.ures which fnrni and 
rclcas(^ srastrin inin tin* circidatinii 
lia\'c not heen identilied : tiicir 
sit(‘ can la* dedinT<l hy iinlina-t 
met hods. 

(i) lv\1racts ot tin* pyloric 
r(*iiion. the adjacent rcj.rion of the 
h(»tjv of tlic stomach int<*rmcdiat<‘ 
zime ') and tin* dinalcniim contain 
eastriji. 

(iit 'riic stomai'li is shut (dV 
from the duodenum hy means of 
a double fold of mucous mendu’ane 
at the pylorus (Fiir. oh*), d’he 
chemical excitants are tlnm found 
to act most stronj^ly when intro¬ 
duced into the stomach, luit 
they arc also elfective. thouizh to a 
less »‘\t(*nt. wlien intr(Mluce<l direct ly 
inl<i the tluodenum : they are 
inactive when introduced int<» the 


heniical excitants fh> not stimulate tli^ 
It may he concluded th<‘refore that a 
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Kn;. r»12. - InliiUilery Kifcet of Katoii(iastrie 
Seen'tory Kes))onse to Food. (Data 
from Pavlov, Work of l>irjestive. (tlundfi.) 

KvinTlimtai*. on «lo>: uitli rio!o\ poarh. TiJar in 
iHUirs .'Ulor nirat. N’frtii*al axi> 

rrpn'M-nts voiiiin** otyrai^lrit- juice in c.i-. MTictcil 
jKT lioiir i»y tin* pour-ii, 
rppci* curve ; .'U’tef loo u. of meal. 

Lower eurv«': >ame nieui irateii I in*, after intrv>- 
tluetion of olive oil into tlie >toiMaeli. Nfite 
marked inliil.itory . ll. i t ..f Ue* nil on tiie ^rsotrie 
r^•'>pon-e. 


rectum, ^riie chemical r(*s|iouse can thus l>e divided iuto a //('/.sVr/c and an 

lutrstiiail phase. 

(iii) An isolatrd (Icnerrafcd 
pyloric pouch is prepared. If 
it is mei'hanically distended 
the main stomacli responds 
by secreting juice. This ex¬ 
periment proves that the 
pylorus releases gastrin ; this 
region is jU’ohably tlie main 
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Fkl ol.'l. Inliihilory .Action of I'ro^astroiic mi 
(taslric Secretion. (Fricilman and SaiHlvv<*iss, 
Amrr. ,/. I<»4I, S.) 

nx])erimi‘fit on doK : fia.stric jiil<*e aspuated. 

Upper eoiiiiiiiioiis lliif' -.cfnitrol- resjjonsc to injoctioiis 
of 0 1 m}4,/ku, td idstamliK'; !>iibtMitai)eou.sly hourly. 
Lower hrokoM line ro.'4|ion.4o t«» hiiuic iiijcction», hut 
at arrowy urine i^xtraet (urojiastroiic) was injected. 
Note inhibition of Hriciction. 


site of gastrin formation. 

(jIastuin. (iastrin is a 
protein of low molecular 
weight, cdosely res(‘nibliiig 
secretin (p. 7*.l2j in its ehemical 
pro])crties ; it is free of 
histainiuc and has no elTect 
on the blood pressure. It 


Nerlural axis; volume of ^rastrie jiiici* secreted per iioiir ; stimulates the stOlliach tO 
loo 100*’,,—volume serreifd duriiif; second iioiir. . • • i • i ■ 

secrete a juice which is jtoor 
in pepsin hut rich in acid (Fig. olJ): it is believed to act s[K*cifically on 
the oxyntic cells. It has no action on the salivary glaiuis, jiancreas, or 
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liver or on ijastric inot-ilit v. It is oITective only wlnni injeeted intravenously; 
intrainuseuliir injeelions indiiet* a vtuy scanty S(‘-cri‘tiond 

A fall of bloful snjor (Ki^. olo) or the intravenous iujeetiou of certain 
amino-acids (lilycine, alaniiH‘, irlutaniic. acid) incn^ises gastric. s(*cretion of 
both TK'l and |H‘|isin by stimulating the raf/ns }nirlrns in the medulla.“ A 
rise in blood suirar inhibits jzastric secr(‘tif)n (Fi^ bib). 

Ixmni roiiV A<{K.\'I’s : F\TKUT)(iASTR()\f-:, UinuiASTKONK. The introduc¬ 
tion of/h/ into the stomach inhibits gastric s(‘cretion of both 11(1 and pepsin 
in nvsponse to a meal (Fi^^ bl2) ; a much i^reater inhibitory cHect follows 
the introduction of fat directly into th<‘ duodenum. Fat also iidiibits the 
i^astric secretory response^ to sham fetalinij, inje(‘tion of histaniiii(‘ (Fi<;. 
bib) or insulin (p. 7Sb). As the introduction of fat into the duodenum 
inhibits the secretion of a transplantf^d (faiirrrafnl jiastric pouch, it must 
act throu»xh a liuuKjral me<*hanism. A jrastric depressant a^ent has lieen 
detected in the blood of anintals fed on fat. A potent inhibitory extract 
has been isolated from the IttfostfUfil mucosa and called rnferttf/ffs/roue ; it is 
thought to be responsible for the inhibitory action of fat. Ingestion of fat and 
injb'Ction ot‘ enterogastrone iidiibit gastri(f motility too. A substance similar 
to, but not i(hmtical with, tmterogastrone has laani extratbed from tin* urine 
in man and called unuidslnmc. Fig. b|.‘) shows tln‘ iidiibitorv action of 
nrogast rom*. oti the gastric n‘sponse to hista?nine.-^ 

(Iastkk! Uiospoxsk to Dikfkrkxt Fooostofks. -.As might la* (*xpected 
from t-h(^ complex meclujiiisms involvcal there is a fairly characteristic gastric 
responst* tor each kind of food in respect of volume ami composition of 
secn*tion. 

Rolk of ITypotiiai.amus.---E xperimental lesions of the hypothalanms 
in animals are often associated with ga.stric hamiorrhage, erosions or 
even p(‘rforation. d'lie pro))able clinical significance of these r(‘sults 

^tlastrin proliuMy ?u)t atMtount complrtolv for iIk* (‘hcrnifal phase* of gastric* 

sriTction ; when the* clirriiifal c.\c*itanls an* introduced into tlic stotnach they produce* a 
gastric juice* which has a hhjhrr fupsin contf'nt tlian itiat induced hy ga.strin. Chude 
julnric extivuas ha\'e lieetj pn*panul which contain another priucif)h* which also increases 
yx'fisin secrcthui ; if this work is (routirfued this suhstaturc might he called “ gastroy.yiniri " 
(cf. }>ancreo/.ymin ]). TtTp. .\<*cording to rvniis {Arta pfiifslol. urnutL, IlUg, J, Supf)l. 
xiii) gastrin (or some assocriated f)ylori<- honin>ne) is also linked up with the gastric rat/nl 
aecretory mechanism. The vairal fibres which suyiply tlu* pylorus an* allegc'd to stimulate 
ihc release of irastriii : /‘,c. thoiiLdi gastrin is released mainly by eliemical raet(as it is also 
released to a miimr ext<*nt by nervous factrus. It is elaim(*<l tliat r/Vra/////;#//gastrin must 
be present if the vatrus is to <*x(ut its .sfreretorv action on the main ga.stri(? glands. If the 
pylorus is excised, de})rived of its l)lood suj)plv, or poison(*fl with e(»caine, stimulation of 
tin* vagus in the fasting animal fails to elicit the usual profuse How of an acid- and pepsin- 
rich juice from the main gastric glands; but if gastrin is infused into th(\se animals 
(in eonceritratioMS whi<-li in tlieinselves are inelVeetiva*) eonenrn*ntly with vagal stimula¬ 
tion, the normal respr)iis(* cliaractcri.stie of the intact animal is obtained. It is argued that 
ga.strin is f)art of the transmission in<*ehaiiisrns at the vagal terminals in the* stomach. 

It would follow from this work that vagotomy in arldition to abolisliing the nervous 
camtrol might alsf) def)ress the respraises of the .stomach to eh(*mieal stimuli. Similarly 
pyloreetorny by removing tlu^ chief gastrin-bearing ai-j-a might depress the effi(raey df 
the vagal .serretory control. |There may be a similar relationshij) b(d-vveen the action of 
the vagi and of iSVcrr//a on tin* pancreas.] 

“ It is surprising that glueogf*nie amino-acids .should hav(* the same <*lfeet as a fall of 
blood sugar. 

“ It is elnirned tliat tbough iineotiked fat (r.ff. olive oil) inhibits gastric secretion, (certain 
cooked fats stimulate s(*eretion. ddui point requires further .study. 



GASTRIC SKdlKTIOX IN MAN 7S1 

(<‘s|u*cially in relation to the produet ion of pej)tie nlecr^) i eonsider(*d (»n 
j)p. 7H() e/ Nvvy. 

Gastric Secretion in Man.— KASTiNu Stomac^h. B(‘au!nont, in Ins 
clfissieal observations on Alexis St. Mnrtin, who had a jrastrie fist ula followinu 
a ^ravo injiny to tlie aljdonnnal wall, found tliat the fastiiiii sloniaeh was 
empty and e(>ntraete.d ; he aj)plied his tongue to the pist rie inueosa but not(*d 
no acid last**. Carlson, on tin* (»th(‘r hand, foiiial in healthy individuals with 
gastric fistula; that the fasting stomach secretes gastric juice continuouslv 
at a rat(; of .10 bO c.c. per hour. The discr(‘f)ancy may Ik* due partly to 
individual peculiarities and partly to the fact that Carlson’s patients were 
studied with a rubber tube lying in the stomach ; Beaumont observed that 
a gum elastic tube is a strong mechanical excitant to gastric secretion in 
man (this incidentally is contrary to Pavlov’s experience in the dog), 
(dinical tests of gastric secretory function all involve the presence of a tube 
in the stomach. 

It is claimed that jiatients with duodenal idcer seende dui'ing tin* night 
a larg»*r volunn; (jt‘ gastric juice, which is also ri(*h(‘r in aeid than in noiinal 
people (cf. }). 7S7). 

Clinical Investigation. 1 . Fractional Test Meal. —The coiirsi? (»!’ 
gastric secretion in man can b(‘, followed by means of the fractional 
test meal. A fine flexilile rubber catheter is swallowed first thing in the 
morning, no food having becui tak(‘n since the previous evening. The restinn 
contents of the stomach are asfurated with a syringe. The stomach is washed 
out with distilled water which is withdrawn. A ])int of thin gruel is swallowed 
and 10 c.c. of gastric contents are aspirated at intervals of 15 minutes until 
the stomach is empty. Each sample is examined to determine the free IICI 
and total acidity. ' The results are {dotted in tlic form of a curve* (Fig. oi l).’ 

A careful distinction must always be drawm between gastric contents and 
pure gastric juice. The contents of the stomach consist of varying propor¬ 
tions of acid juice secreted lyv the main gastric glands, mucuis and alkali 
secreted by the pyloric glands, swallowed saliva, swallowed food, and ])an- 
creatic and int(*stinal juices which have regurgitated through the pylorus. 

(i) Resting Gastrw Contents, —After a night's fast, the stomach contains a 
v^arying volume of Iluid, 30 c.c. on the av(‘rag(; ; free 11 Cl can usually be 
demonstrated (so-called fasting sex^retion (cf. sujyra)). The fluid consists of 
gastric juice, saliva, and mucus, and may be stained with bile which has 

’ Tlie t('(‘liiii(]ii(‘ is ;is follows : 'I’o e.r. of gaslrir coiilrMls a few drops of Tdpfer's 
reagent (dimelh\I-ainiiio a7,()*lKMr/,ene) an* add<*d. A briglit red eoloiir indicates the pres- 
ene(‘ oi frt'r. IK'L 'I'ilrate willi (Mrf .\a()ll till the solution heeotnes l(‘inon-y(‘||ow. 
^’he resnils are always expressed in tt'rnis of the volume of O In XaOTl w hich neutralizes 
100 (\c, of gastric contents (or the e(jual nnniher e.e. of O In H(’1 w hieh have been 
neutralized). Add a dro{) of ]»henolplithalein, and run in more XaOlI till the solution 
goes ])ink : this gives the iota! aciftitff. The dilference between the free llCl and total 
aeiditv is a measure of the H(.M which is organically combined w ith mucin and ])n)tein 
(and of any abnormal aei<ls like lac-tie aeid, whicrh may be- pn-sent). The total aeiditv 
usually exceeds the free HC1 by about 10 v.c. of O In HCl. 

In addition, the tolal chloride content may be detc-rmined ; this represents the* sum of 
the free and combined HCl and the inorganic chloride ; tlie last is mairdy produced by 
neutralization of the gastric fICl by alkali. 

All samples are tested with iodine for the presence of starchy to determine the em'ptying 
rate of the stomach. When the starch reaction is no longer obtained (usually after 2^ or 3 
hours), it is assumed that all the gruel has left the stomach. A careful note is also made 
of the appearance of bile ancl mnrvs (or abnormal constituents, e.g. blortfl). 
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regurgitated from the duodenum. If the stomach luis secreting rapidly, 
the stomach contents may sometimes approach in composition that of pure 
gastric juice. 

(ii) Tngestion of the pint of gruel usually lowers tlu* free acid almost 
to zero level, owing to {a) dilution of tlie gaslrie juice ; (h) its neutralization 
swallowed saliva ; and (r) its combination with tin* organic sul)stanc(\s 
in the meal. 


(iii) The acidiiv then usually slowlv rises, and after hours n'aelies 
HCl (e(piivalent to 30 e.e. of 0-1 \ NaOll j)er 100 c.e. of gastric contents) 
oil the average. Tin* presence of the food and water in t he stomach has thus 
called lortli a s(*eond flow of ga.stric jnici* (chemical jdiase) ; as this s(‘cretion 
is added to the stomach eonlents, the acidity sh>wly liscs (Fig. hi t). Snb- 



s<‘(]n(‘n1.1y tlie curve of acidity may 
go on rising or, on the contrarv, 
may fall rapidly aft(‘r the initial 
rise: some cases show very litth* 
rise even at first. 

Factors ixFi.UKNCM\(i Aciori N 
('n:VKs.- It is hardly smprising 
that the acid (‘urvesobtained show 
such wide variations in normal 
subjects. Tin* following factors 
proluibly play a ])art : 

(i) The ijfuihtihf of acid s(‘cn*t(*d 
in response* to the nn‘al : in sonn* 
peojde the stomach secretes a 
large, in others a sma-ll, volume 
of juice, ('fhf* H(/l concentration 
in the juice env srrrpfrd is probablv 
fairly constant, /.c. ov»‘r U*In. 


HOURS 


about 0-4 ()-r>‘’;,.) Other things 


Kkj. .“)I 1. I'nictioiiul Test .Me;il. 

Kyle.) 


(Henneit and being c(|ual, the largfT tin* amount 
of IK'I which is sf*cn*t(*d and t hus 


Onlinate : e.r. .if K) H<*l (left) or jr. f)f HCl (hjiht) in juUli.d fn tin* enstrie eimtenls the 
UM) c.(\ of asfiir:U.-(l L'nstrir . H) f in gasim (Ollicntsme 

Shadi'd area rcprcM-nts iJh- limits of frei- MCI in So per hlglior will bf* tin* COin'Cntratie)!! of 
eiMit. of liesiltliy inal.-s after a tf*st meal. A- i .li • i a ii 

“ ciiiiitiirm ” type of .'iirv.-; n A.-iiviia psi'.rriea ; ‘UMu attam(*o. A smtiil percentage 
The Ill is iii^siirrii i.y th- „f iioniial suliiccts secret,(i no HCl 

dwappearatn i-ol stareli (III tills f ijj. aft.tr 2 liniirs). ^ ,, •' 

at all (curvt* B, hig. oN). 

(ii) The raf-c at whieli the gruel Intrrs the .stomach : if tlie gruel leaves 
rajiidly and the stomach continmvs to secrete actively then the gastric contents 
approximate more and more closely to pure gastric juice wdt h its high aciditv ; 
the result i.s a climbing ” curve likti A in Fig. 514. 


The above factors influence the rate and e.vtent of the risr. of intragastric 
acidity; th(*y obviously cannot produce the/r/7/ of acidity which usually 
occurs during the latter half of the test. This decline can only h(^ brought 
aliout by neuiralization of the acid gastric contents by alkali." This alkali 
is derived to some extent from regurgitated intestinal juices but comes mainly 
from the alkaline secretion of tlie jiyloric glands. 

(iii) Role of Regurgitation of Intestinal Contents. Intestinal contents 


soinctiines regurgitate into the stomach (p. 810); this is proved by the not un- 
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coinmoii occurrence of bile in some of the aspirated samples (usually the later 
ones). The upper duodenum contains alkaline juices secreted by the liver, 
pancreas, and the intcistinal mucosa. When this alkaline fluid enters the 
stomach it neutralizes the. jjastric HCl and so lowers gastric acidity. A “ flat 
test-meal curve may be due* to free r(‘^ur^itation. while a “ elirnbin^ " curve 
is favoured by absence of rejjfurjritatioii. 

(iv) Role of Gastric Mucus and Alkali, —The surface epithelial cells of the 
stomach, the neck cells of all the glands, and the alveoli of the pyloric (and 
cardiac) glands secrete mucus ; the pyloric glands also secrete an alkaline 
fluid. Mucus can neutralize considerable amounts of HCl ; thus if the juica'. 
secreted by a Pavlov pouch is allowed to remain in contact with thti surface 
mucus for only 5 minutes, the acidity may fall by 25*)^,. The importance of 
intragastric neutralization of the gastric contents in regulating intragastric 
acidity is sliown by this fact: if the duodenal cotjtcMits are steadily aspirated 
during the progress of a test meal the character of th(‘ test-meal curve may 
be entirely unaffected and tin* decliiie in acidity may occur in the usual way.^ 

The cliiiicral value of the fra.ctif)nal test fneal is limit<u] : th(‘ charnefer of 
the curve ohtniued lifts little diafjuostic value. Soin(‘ light is thrown by this 
means on the eni])tying rate of the stomach : but information about gastric 
motility is best obtained by radiographic examination. J*ifloric stenosis can. 
however, be diagnosed from th(‘ pn^sence of a large volume of nesting (fasting) 
gastric contents which may be dark in colour and foul as a result of j>utre- 
lactiv<‘ change. Tin* presence of blood is strong evidence of an organic lesion, 
c.//. ulcer or cancer. 

2. Histamine Test of Gastric Function.. Histamine is a ]M>werful 

stimulant to the secretion of gastric juice ; it acts mainly on the oxyntic cells 
causing secretion of an increased volume of highly acid gastric juice with a 
low pepsin content (Fig. bio). The test is carried out as follows: the resting 
gastric contents are first aspirated with a stomach tube and the stomach 
washed out. 0-5 ing. of histamine is injected subcutaneously.^ The secretion 
is continuously aspirated ; the volume and acidity of each 10-rninute sample 
are determined. 

The test is not un]ileasant, though a quarter of the subjects develop 
headache. Intense salivation also takes place and the subj(*ct must be careful 
not to swallow the saliva, as that will invalidate the gastric analyses. Follow¬ 
ing the injection, the gastric acidity rises steadily to a maximum and then falls 
off. Atttmtion is paid to the following ])oints (viraii standards are indicated 
in l)rackets) ; 

(i) Highest level of acidity obtained (102 c.c. of 0*1 x H( ’l). 

(ii) Volume of O-In iicid secreted in 1 hour (182 c.c.). 

(iii) V'olume of juice secreted in 1 hour (2(.K) c.c.). For (ii) and (hi) the 
data for the specimens collected from the lOth to tin* bOth minute are \mu\ 
(i.e. for 40 minutes in all), and multiplied by l b. 

An injection of histamine tests almost specifically the functional state of 
the oxyntic cells ; it may be regarded as mimicking the action of gastrin. 
As the gastric juice is scjcreted rapidly and aspirated continuously, neutralizing 
factors are reduced to a minimum ; the peak of acidity noted after histamine 

^ Baird, Campbell, and Hern, Ouv'tt Hospital Rep., 1924, 74, 23. 

* Tt is very important to note that if the initial blood pressure is under 110 mm. Mg 
1 Ih‘ test may be dangerous. 
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iiijcrtioii prohably ivpivscMits tho iicid concentnitioTi of puro liiiinau gfistric 
juice. Tlie lest ynves a (pjaiUitat ive itlea of tlie activity of tlie gastric rmicous 
nu‘inl>ra!U‘. Ilistaniiiu' produces marked couijcestion of the mucous membrane 
i!i man. l^^tients with a byp(‘rtr(»pluc eastric mucosa _u:ive. a bi^^er response 
than normal sidijects t(» liistamin(‘. 

In a small proportion of nornial sul>jects (perlia.]>s about the gastric. 




60 80 100 120 140 160 180 200 
MINUTES 


1'f)Mi pafisoii nl mI i lisi.uiiiiii' :nnl liiMiliri on (ia.sirir Srcri'l inn in .Man. 

l llirr. Arht ///mZ. set!ml,, iU.'tS, Uo.) 

Ir.mi flitwiiw.ir.K ; .'.iiijar in ni-J. |>it ini» r.i-. ; xolntur f»( i-'.-istiif jiiii-i- (in r.r. [m t 

in min.I ; |ll•|,sin *-Mn> i'ntiatii»n tti .-ainplr ami l'Hal iii-ii.'Nin coniriit nl ijn-h .sanijilt- (tin- la^t t\u» 

in arl*ilrarv iinif.o. 

At; lir.sl Mnlicai pair i»l aoitw.-. ; inirci (»•»; imj. i»l lii-iamim* '^nl»vulamM)n''ly. 

At si'ctiml N t'i'lii al paiiof arnnr.'. ; injf;n Hi nnil.-'«»1 iiiMilin intnir-Honshf. 

Not*' that in.>;iilin pr<*iliirc-; a iiMH-h Lfri’an-r i-ital pl•p^^in •>rrn'lii»n and pi'p->in ■ um-i-ni rali.iii ; the p<‘ak 
(»l th'' iii'^nlin if.-'pon.-'i* coim idi*" with On- niaxininni fall ul hlood ."iiniiai olitwn in (in niij 

mucosa is umh*velo)>ed and secret(‘s no H(1 ; the. condition is called (/cAy//u 
(ffisiriat. \ similar achylia (accompanied by (‘.xUmsive destructive changes 
in the pistric glands) is a regular accoinjianiment of pmacinns (UHTtnia 
(p. M>7). .Achylia, of a transi<mt charaettu* may n‘sult from intla.mmatorv 
conditions of tlie ^Mstric mucosa. Th<‘ abs(.‘nc,(‘ of frect acid in tin* fractional 
test nn*al is not conclusive j)ro()f of absmice of JKU s(H;n‘.tiou as it may etpially 
well be dm; to excessive neutralization : but a ne^ativi^ response to histamine, 
esjM'cially after rcjieated injections, is satisfaebirv proof of achylia.* 

' Sc:- \\';(1 kiii.soM and .lainc.-^, f*lln. Sri., P.).‘»l, 10 tnr jin.ssihic Inllacics. 
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Pationts with a liy|K*i*froj)lii<* gastric mucosa respond m(»rc marl\<*dlv 
than normal siihji'chs to histaniiiH‘. 

In cancer ol the stomach, fn^e llCl is often absent from the gastric contents. 
This is probably due to the inflamed condition of the mucosa. If the interior 
of the stomach is washed to remove adherent mucus, evidence of gastric 
secretion can usually be obtained, especially in response to a histamine 
inj(*ction. 

3 . Insulin Test of Gastric Function. The in ject Ion of insulin (7 units 
stihctifniHumsIt/) is (oIloW(‘(l in jn;in by a fiiarked secretion of gastric juice 
resembling tliat j)roduc.ed l»y peripheral vagal stimulation, i.r. it is rich both 
in lid and p(‘psin content.. The response sets in after a latent f)(‘riod of 
a.l)oul 1(1 minutes and coincides with a consid(‘rable fall of the blood sugar, 
i\(f. to 70 mti' and tin* usual early signs of hypoglyeamiia (p. OlTi) sucli as 
dizziness or drowsiness. Fig. bio shows a V(‘ry striking n^sponse to the injec- 



aid. I iiliidiloi'v KIVcct <»f ItaiMMl IMooil SiiLrar en (Ja.'^tric iui'. 

in Man. ((ilar.^sner. Amrr. J. /fi.'f., 1114’t, /ft.) 

1,1 I'l-linml curve ; I'.'I .M. tiiiriii;il ic'.ihmi-.c |i» irnicl inc.U. 

l•m’vc.'': iijiit- r : hloo l -.Mj.'Mr in me ; Jtmer : I’. I'.M. '.iriicl iiicjil iilT<T 
aiiiiiiai'^tratioa nit areiw) ol lea u. erciiicoM' jiitrailiioiirii;ill\'. 

N«ilc that ariil "ccrct'irv ri's|>oii'-'’ is almost (’oiii|)ic(«-l\ aamiilcii ; IiNmuI saj^ar ri''cs It) 
■JTe iiil; 


tioii of 1(> units of insulin (tifrnrcitotfslt/. The g.-istric resftonse is aiimilled 
when glucost' administnition is combined witli the insulin injection to prevent 
tin* fall ol' tin* blood sugar : it is ch‘ar that insulin do(*s not act din*ctlv on 
tin*, gastric s<*cn*tory mechanisms but jirotJuces its elTecls soh'ly bv virtue of 
the n*sulting hyjioglyca’Uiia. In sev<*re diab(*tic subjects e\(*n large dos(*s 
of insulin fjiil to stimul.ati* gastric si*cretion unless the blood sugar is reduc(‘.d to 
a subnornnil level. Approjiriate cross-circulation (*xperinients di*monstrat(* 
that t in*, hypoglycjemia acts on the central nervous syst(*m and causes increa.s(‘d 
activity of the vagus s(*cretory supply to the stomach. The gastric response 
to hyp<»glyca‘inia is abolisln*d, as e\pectt*d, by double vagotomy (perfornu*d 
in man for peptic nlc(*r) (j). 7S'.I) or by suitable doses of atrojiine. Insulin 
injection (like vagus stimulation in animals) markedly incr(*ases gastric 
vascularity in man (cf. p. 77(>). 

h'ffcrt of Jiftiscf/ Jiloinl Stfffor. \ marked rise of the blooil sugar in man 
abolislnis the S(*cretion of a,cid by the stomach in response to a grind tt*st“mejil. 
This is well demonstrated in Fig. ;“)!(»; following the inlroiluction of lOO g. 
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of gliico.sr iiitra(iiiorl(*iially whioli raised tlu' Mood sn;;ar to 270 nig ^ 
tt‘st-ni('a] ])r(»diir'(Ml no arid sociPlinn vvli;it<‘\or. 

4. Combined Insulin-Histamine Test. - Insulin (rjf, 7 nnifs) is injo(‘t('d 
first, followod 2 (.J niiiuitcs later by an inj(‘ction of liistaniiin* ( 0-5 nig.) ; tlio 
gastric' r('S[>onso sets in about 20 niinnte.'i later still, 'riiis tc'clinicjue siibjc'cts 

-- - tlie stomach siimiltaiieously to 

IQQ. A.IH. |_ _ _ tli(‘ stimulating action of tlic 

^ vagus iH*rv(‘ and of the ])eri- 

! 1 / V ftm.a “ |»lierally ac ting chemical agc'iit. 

? J K " .secretory ])o\vers 

X / " ^d'the gastric mucosa can thus 

20 determined. Tin* volume' 

^ —i_1j—I_I_I_ i _ \A i I i of juice sc'creled during tlu‘. 

^ IQQ . ^ _ jH'riod It) (it) minutes after tin* 

^ insulin in ject ion is mcasureil ; 

^ " " “ on tli(‘ whole it varie.s with tin' 

' / \ " ' state of the gastric miico.sa as 

0 " / V ' F.T.M. B . ga.st roscopicallv. With a 

100- / 'N.' ■ - normal - loolviiig mucosa the 

j ^ / o, . f^\ . voinnu' is about 2‘r> c.c. per 

00 - 4 I / . rJ _ minute ainl tin* ma.\imum 

, ysL/ / ae-idity is ecpiivah'iit to about 

I " loo e.e. of n* I N 11('1 (Fig. r>I 7 ). 

\ J ' Win'll the miico.sa. is swollen and 

o' ■ 60 ' ■ 120 ■ o' 60 ' 120 '""‘I' T .v- 

MINUTES actions are obtamc'd ; the 

l‘'n;. .“ilT. (iastfic Secrdoi-y l‘e.'.|M»ns(‘ I0 Insulin 'nluiiie nia\ !)(' as high as ti -1 
f)lu.s ni.'^taniine. (Knnn an ('XjuTimeni l»y IM. e.e. jau* niiliiltc' and tin' maxi- 
Morton (Jill.) Ilium acidity ma\' exci'C'd 0*1 tix 

OrdiiiMii : N;ni in i iicf Inn c.r. i»r or ||('l. Fi" ol 7 also allows (as 

I'ii'.lric cnntctits. .111^' iv I f ^1 

I'l’l’Ki! llK( fi);iiS (Siilijrcf A> : i.ofl-hniiil rarvo^ : A.l.ll.: WOUUJ he I'X |if'Ct e(l) that t-tn* 

rrsponMr to itijcctioM nf 7 anil'-of in-^nliii (O :!<! (MiinbiiHMl insulin - hist indne 

n,imitr>. iMor l.y iujc.-iion ,,rn :. ins'. ol I.eCiuin. iU). eonioiin O Ill.suim UlSTailllin 

A.l, ; P s,iiotis«> 1 <* 7 units (jf in-.MliM (I» only. stimulus produce's a I'a r higln'l’ 

KiL'Iit-liJiiid i-nrN *s : unn-l rniflioTinl tr*.;! (K. I’.M.) «i| \. i i r ' r . 4 ' 

Note tlint fIn* n'spon.M-to iii.'-iilin nionr (A J.) is-innllrr ili.ni IC\Cl OI ac'nilty ol I In' gast ri(‘ 
ti.r rrsjMMwio insulin rhiy.n.iinr (A.l.ll coiiO'iits than docs tin* frac- 

I lif.sr nirvt s ;irc from snlvM'i t A with .-i noriii.il >lom;ii li .ukI . 

iiorniiil iniifoiis mrmlirnni. i.M'.trosc'opirjilIv : (Im- vnlumi tnuial t(*st UlC'al. 

' influence of Emotional 

J.owiaj JO:i()i:n< (Sni.i.cl in. trii-h.iml ciirv*-; U.Mi. State On Stomach.^ Ib'cc'Dl 
n's|itin.s»“ to inj<‘i fion of 7 iiniN of in•^nliIl (h follomMl I'o . i- i i., i i- 

rnimili-^ l.ifiT l.y ()•:> III'.', ofliisl.imim-CM). Stinllf'S oil a fiealtflV SUriJCCt 

|{ifsdit-li;ni(l ciirvr ; fr.n titin.il test m•■:ll of U. To,,, »vil h m ehrnnie ir-isf rio 

I'.ofli riirv. s niv fniiM -..il.ii-. f. I: in xvl.on. ll.f f " ^ llTOnif g.lStlK 


OrdiiiMii : N;in lici per Inn u 

I'li'.lrio contcuts. 

^■l•l’^:l! llK( o);iiS (Sniijrr-f .\) : i.i-fOhniul 


if if.i^tri*- juii-i 


A.l,; rrs,iions«> lo 7 units of in-.nlin (I» only. stimulus produce's a lar lllghf' 

KiLdit-liJiiid i-nrN IS : uriu-l fniflionnl itii-;il (K. r..M.) «i| \. 1 1 r ’ f . 4 ' 

Note tlint fIn* n'spon.si-to iii.'-iilin nionr (A J.) is-innllrr ili.iM IC\Cl OI aciOIty ol I lie gast PK 
tl.r rrspun.M io insulin r hid.-iniim-(A.l.ll ,. coiileiits than does the frae 

I lif.sr rurvt s ;irc from snlip'i t A with .-i normnl >lom;ii li .iml . 

iiorniiil milfoils mrmlirnni. i.M'.tro.siopirjilIv : (h*-vnlumi tnuial t(*st UlC'al. 

' influence of Emotiona 

J.owiaj ai:ii)i:/)s (Sul.ncI in. tiit-h.iml niivf ; U.Mi. State On Stomach.^ Ib'cc'lll 

rfspfui.sr to injfffion of 7 imils nf in•^uliIl (h follomsl I'o . 1 1., i i- 

mimMf> i.ifiT i.y ()•:> iii'j. of iiisi.imiuf CM). Stinllf'S oil a fn'altfiv suhjeci 

|{ifsdit-liaml fiirvf ; fr.u tit)u;il test mful of li. Tom ”) wit h m ehrnnie ir-isf rir 

iw.tli fiirvfs nrr from Mil.jfft. I; iu whom tlm mmou^ i.mhi- ‘ ^ UTomc g.lStlK 

hraiif of llif slomjir li .ippf.'irfil tra.'.lrosropifullv thiflvfrifil list U la have sflOWIl that, tin 

ami foiivTfstfd. I u jff I ion of lii''l;imhif 1 iusiiliii prodiifi-d .4 . . 1 ■ 1 

a hiiflifr \olijinc of .-t-fj'ffion (ti'I (.f. min.) ami :i hiulifr •''■t'OriliK ll 111 mail IC'Spoinls V f'l'N' 

V''"''j'''. ri'iiililv to (■lianoc.s in lliV 

I lu! r. I .Al. for li al.so sliows a urfalrr rrspon.-sf than lor A. 


.■iim cMMi;ifsirci. in.iffiion 01 m''i;imim‘ * itisiiiiii pro(iiif<-ii .4 . . 1 ■ 1 

a hiiflifr \olumc of .-t-fj'ffion (ti'I (.f. min.) ami :i hiuhfr •''■t'OriliK ll 111 mail IC'Spoinls V f'l'N' 

.... V' ““ readiiv To changes in the 

emotional state'. 1 he dc^grcM'of 
vascularity of t in' muc-o.sa was determined liy direct examination of its colour 
or by mc'ans of a .sc'nsitivc* t in'iinoconplc; alterations in gastric motility were 
suitably recorded. Suddem fear, for example, producc'd l>y tin' entry of an 
“irate doctor muttering imprc'cations'" cau.sed .syiupMthc'tic overaction shown 
l)y marked va..socon.st.ri('tion and a resulting decrea-iseiii acid .secrc'tion (Fig. blS). 
* Wolf and W^)lff, Human (Jastric Function, New York, lh4.'J. 
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W hen the snbjeet vvn.s " <le|)resse(l with s;njn(‘ss .'md self re|»roMeh * he 
(lisplaV(‘(I ii (lee!‘eas<‘d seeirtoiy .iiid a deeieased vasjxiilator response to the 
ingestion ofoO c.c.. of' hroth (Kiu. .‘iltl). 

Ot.hei' kiiuis ol ^nnotional <listiirhanee ori the other fiand led to para- 
synipathetie overaction. Tims the snhjee.t was once unjustIv r(‘lnike«l hv his 
niediciil (‘rnployer lor sl<>\vness and inei]i<*iency in carrvine out his jfjl) and 
lor overclnirein.{i. "'roiii " experienced '* nionntinL^ hostility and resent¬ 
ment ’ ; this emotion was aecompanierl 

hy proei’essive eneoinc*ment and ihiekcm ” -- 

in,IX of the liastrie mneosa. ima-eased acid 90«>-| 

seeretioti. and increased eastiic motilitv > . . . • . 

(KiL^ 8 / 

Another ^trikine example ma\’ In* S / 

({noted. I )r. II(X‘lzel. a stnderti f)J“ L^ast rie ^ 50 - / 

l tineti<m, had made soim* » yastnc ci / 

aiialys('s npon himselt hel’on* ‘ the / 

m(»rninL^ gastric, aspirat ion was as n‘ixnlar 5 1/ 

as wasfiinjx' thf‘ hands or face." (>n iMth § • 

January li)2>^ there was an attempted nc lO-fsuDDPN feaf^ 

rohlxu v at his hous(‘ in ChUntfn (emphasis 

must he jJaeed ott the locality) and his 16,- 

landlady was shot dead. J)r. ifrudzel ^12 

was n‘sponsil)le I'or the arrest of the 6- 

culprits, and I'or the siicceedin<r 10 days 

ht‘ was in a state of acut(‘ anxiety lest O'-z'r- 

lie ini^dit he shot hy tin* rev(*niX(*ful minutes 

accomplice's of t he ,iran<fs(;ers. Normally 

-Dr. 11(telzeTs fasting mornine fn'e gastric loi;. .>is. KHi'ci of SieMjai I'rar 

:i(ri(lit,v vari(‘(l hetw.-cn (• .lu.I Olo',’.;, (of v''s.ul!.'n't'r ur'''i'h!.’'''u,;ui 

11(1); on the inormng oi tlie shooting Muco.sa. '(Wolf and W.dir, 

episode it was 0*20% and it remained Awer. mni. j.s.yo... 

a hove O'lT^^i, during the. p(‘riod of anxi(*ty. 
lh‘ t in'll mox'ed to what, he l.u'lieved 

was a safe place and his free gastric i i)piTivft)ni •ti'rrr 

• I'a /• 11 i ■ 1 ■ 1 ' ‘’t vascalaritVI iif L'a^fric ;h 

acidity hdl to within Ins normal range. •• prrvrafu^r,: 

Peptic Ulcer. 'Phe cause of j»e|)tic U->w.t rrrnra : 7asln.-a.-i.liiv. 

, . , , . . Ill .Nnlf vaM>r()ii.stn(:nMti an«I ilt'ri-i-asfil 

ulcer IS unknown hut it is jirohahh* 
that the acid and ]M*psin of tin* gastric 

juice are factors in initiating and maintaining tlie ulcer, 'Pin* c(»mmon 
sit<*s of pcjitic ulcer are; (i) The first part of tin* diiodi'iium {dnnffrual 
uirrr), (ii) In the stomach, usually on the hesser curvature a f(‘w inches 
from tin* jiyloric sjihincter {(jasirir Hlrrr). 

(i) Patients wit h (htodintal uirrr are of a worrying conscic'ntious disjiosition 
showing (‘videnci* of overactivity of the gastric \'agi ; thus the stomach is 
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l*ii;. ols, KHi'cl of Siidd(ai 

on (iaslrir Soci'td inn and 
X'asrularity of IIh* (iastric 
Min-o.sa. (Wolf and \\'«dir, 
Amer. mnl. .f.s.yor., 

I'Jff.) 

KvjMTiini'nt on “ roiii " (cav' uf i-lirDnic 

?ia<rri«- li-ifiila'). 

I IMht ii conl ; or« iiloiiro.»'. dt-i'mc 

of vascularityi of L'a^fric imiii‘o^,-i ;h 
'■ prrccnfa;'f tci|jic>s.” 

I.imi'r record ; caslrie acidiij'. 

.\<»lc vaM>r()n.striclioti and ilcm-ascd 
';i<T(‘rii»n. 


hvperinotile and empties rapidly: a large volume of highly acid juice is 
secreted which is imf)cF*f(H-tly neutralized giving a clinihing tvjie of curve in 
the fractional t(*st meal (Kig. oM, A) ; an excessive* volume of highly acid juice 
is secn‘tt‘tl at, niglil. It. is thought that the elischargf* of the very a.eid juice 
intn the dinxh'uum produces local damage before then* is time for a(h*(juat(' 
neutralization to take jilace. A similar mechanism may he responsihle for 
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iilcors in llu* lUMj^lilxjurhuod of thr stoma of a fzastro-jojnnal anastomosis 
((]afitri>~jejiin(il ulcer ). 

(ii) In pationts with (fasfric n/rn\ tho fractional t(*st nH*al shows varia])lc 
decrees of acidity ami hi<Ji[li levels may not he attained, ll is f)rohal)li‘ however 
that these ]>atients have piM’iods of anxiety or other emotional states which 
stimulate the vaizal m(*cjianisni leadiiijr to intense coiifiestion and hyp<'r 
secretion ; actual Inemorrhaue may take j>lace and it is not unlikely that the 
potent gastric juice may digest and so hirtlcr damage any alniormal area. It 



MINUTES 

olll. Kftcels <»f‘ Kinotioii on Gastrir SiM-naorv Hosponse 
to Food. (W'cilf and WolIT, 7. Anwr. )tnif. .l.s-.sor., iDli*, 

120 .) 

oltst rvjifon “ I'oiii ** ol li'iJuIa). 

IJci'ord- from ahov tlowtiwanN : Cm-fut.'ii/'* p-<Ihi-,x of niiicov.i ; |[(■l 

ill < .r. oCn iN m l p*‘r loo 

lijiiiif : rlwuu.'i-" in IK I '.rm-Ti-d ninl va.si iilarit\ ol 
iiiin.-(isa (iniliralcd as iii-nrnta'j** n-diifssi in to ini'rstion of 

:{0 c.r. <>1 In’olh. with tin- "nlijiM-t in a luinnal t imdional stall-. 

|{i'_dit-hanfl llmin* : rmlin-rd >r-cr» t<)ry and vascular rcspoiist- when tin- 
.-iihjcrt was ■' d‘‘pn‘s>r<| with sadiii-ns and srir-r« |)n»ai-h.” 

is known that hypothalamic lesions, jtresnmahly hy stimulating the vagi 
may lead tf) gastric Inemorrliage, erosion or jicrforatioii. 

One. of the main agents norm.'illy protecting the mucosa against th<‘ 
digestive action of the gastric, acid and pe])sin is the mucus. In tln^ patient 
with the gastric fistula (“Tom") it could he shown that wlitm the mucus 
was removed tVom a patch of gastric mucosa a,ml a small injiirv inflicted, a 
localized ulcer resulted ; .sncli injuries W(*r(‘ harmless wlnm the la,v(‘r of 
jmiciis was intact. In predis|>osed siihjects irritant constituents of the diet 
might p(‘rhaps similarly lead to ulceration.^ 

Because vagal overaction may he an important causal factor in ])eptic 
idcer, vagotomy has lavm carried out on many patients. 

Bfsults f)F V.AO()ToM’S'.“-- Both vagi an* s(*v'('red, usuallv when* thev 

^ Pain of p(‘ptic iiloer is »lis'.-ii.s.si.*<l on |>. 7n.‘{. 

“ (’ameroii, Anipr. J. m/d. .S'r/., MI47, :in2 ; .Moon* cf ///., ,/. Annr, ned. .I.s-.s-oc., 

in47, 741 ; Wrdter el ifnd.^ 104S, /,76*, 7-t-. 
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li<* nil the surfjMM* ortlir lowiT jmrt of the a‘so[)h;i;^njs. W lmn tin- roseet.ion is 
coinpletely [M'rfornKM] no ^{istrio secretion occurs in r(‘S[)onse to injection of 
tnsulut, tile si^iit. or t.;iste of food, or (‘motional distiirhances. 'rii(‘ cli(*inical 
phase of ^nistrie seen‘tion and tin* 
res|)oiiS(‘ to histamine are jirohahly 
iinalTec.ted. In duodenal iile(‘r (*ases 
tho volume and acidity of t.h(‘ iii»iht 
s(‘.cr(‘tion are r(*ported to lx* reduced : 
if t li(*se ol)S(‘rvat ions are snh- 
stantiatf'd they wonhl indiiaite that 
reli(*x vairal s(‘creti()n can oc(‘ur 
(‘V(‘ii diirinu sl(*e|>. Initially j^astric 
tom* and motility an* jjn'atlv 
diminislnxl : tin* i*nij)tying tiim* of 
tin* stomach is in(“re.as<‘d from 2 .‘i 
hours to 12 21 hours or longer. 

The patimit complains of fullm^ss, 
o<;ca,sionally of nausea, and l)(*lcli(‘s 
Uj) larae voluimvs of ^ras, often 
foui-smellin,L^ Jf slight jiyloric 
uarrowinj: is present hefon* the 
opmatiou tin* weakened stomach 
mov(*ments n'sult in^ from vagotomy 
may h'ad to jirolontred ret(‘iition 
of the aastric contents. Tln^ (uiifity- 
iiiii time of the aall-hladder is 
unalt(u‘«xi. Surprisingly, (liarrhcea 
has hemi freijiieiitly noted (alilnai.uh 
the vaiii an* motor to lln^ .small 
intestine and proximal colon). 

(Jastricr motility is said to return 
to normal after ahout one year. 

Tin* n'sults (»f vagotomy prove 
that the vaui do an/ carry atferi'iit 
After the operation the threshold for 
a. halhaui) of o^sophanus, stomach, 
nnchaim(‘d. The patient can vomit 



i'lo. r>:!0. • KlVri t." «»f Kiuolinti on (iastric 
Molijil v and lilocai Supply of (Jastric 
.Mucosa. (W’olt and W'oltV, ./. Anu.r. 
nud. .Iv.sec., IJM2, .l'J(L) 

‘ 'I’om " Ilf clironic ^iastiic 


of imicnsa. 

‘.c. ol II- 1 \ .H*! 


oli.-icfNation-' 
tlstuliO. 

Cppcr rccdul ; pt-rcciilnirc rciliics; 

-Miiitllc rcconi ; ua^ti-ic .•icjilitv in 
per lUU c.f. of jLTJi.^lric jllirr. 

I.osvrr n*coril ; innliliiy of .sfoinai li. 

Ill association with (he IccliiiLr «»(' “ liostili(>' and 
n*s»-n!inciil. ” there i?. an incri-asc in u'astrii' 
motility, incrciisc in volume «d' lit'I secreted, 
aiiil iiM-reascd vascnlaiil> ol' the t'asirie 
mucous nu'inlirane. 


lihres from the alimetitary eanal. 
pain produced by di.stension (with 
duodejium, or small intestine is 
and experiimees appetite, huitixer. 


loss of appetite, I’ulIiK'ss of tin* sttunaeh, and jiain due to an unlu'ah'd 
ulcer (j). 7t)‘5). 

The eliiiieal results in snitaldv selected cases have lieen encoiini^diifz;. 


SK(M(h:TION AM) FFNTTIUNS OP PANOHKATJt? JIJICK^ 

The fiancreas is a dual or^an : the externally secreting alveolar tissue 
forms pannratir juirr : t he ish‘ts of J.angerhans (p. !M)M) form an internal 
secretion, ittsulhi. 

OonuaTioN OF rAX(’UEATic Ji’iCE. —111 auiniols the secretion may bt* 
^ 'riionuis, Kjciirmd Svcnlion of tfte. PanAirean^ Springfield, Ill., 
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collected in acute experininiits by iiilrodncinu' :i cnimiila into the |>;in(‘re}il i(' 
duct. A pernumeuf pancn'Mtic fisrul;i. is prepartMl by 1 rnnslenin.i' the duct 
papilla with a portion of tiie surrounding duodenid mucous membrane to 
tlie surface of the abdominal wall. 

In uum ‘ pancreatic s(‘cn‘tion has been studi(‘d in (‘as(‘s of pancreatic 
listula, following some u])per abdominal ope!*ation. More indirect informa¬ 
tion is ol>tained by aspirating the duodenal contents esp(‘cially after ifijecting 
substances which stimulate pancreatic st‘cretion.“ As th»‘ <luodenal Iluid is 
a mixtun* of j)ani‘reatic juice, bile, and succus tmtericus in x arying pn»portions, 
the results must b*/ interpret(‘d critically. 

CoMrosi rroN ok Vaxckka’i m’ JtnrK. - .Pure pancnsitic juice is a coloui- 
less, transparent, viscous Hiiid whi<*h is allcalim* (/dl S- |) dm^ to tin' pn'sence 
of Na ll(’<).. ( 0 -:j 01 )')“,,). Jn tnan it is (‘stimated that bO( I- 12(»0 c.c. containifig 
a,l»oul 8 g. ol‘ Nad an' s(‘(*rcted in ‘JI hours. The juice contains proteins 
(of tin' albumin and gloludin typ<‘s) and three main enzynn.'s, frifps/H, iip/isr, 
and (thu/lufic. Tlie jui('e which is si'cn'ted in response to vagus stimulation or 
injection of [lancreozymin is viscid and ri<*li in enzymes ; the juic«* produced 
by injection of secretin is more watmy, highly alkaline in n'action. and poor 
in enzynn's. Fig. b!) shows the ionic pattern of pafnntfai ie jiiici'. 

FtwcTio.Ns OK Panchkattc JnoR. (i) Nalld)., is present in such con¬ 
centration that it neutralizes the acid |»n‘sent in an aj»pro\imatejy e<|ual 
volume of gastric^ juice, ddie reaction of the small inle>tine is thus pre\a*nted 
from becoming excessively aci<l ((*f. p. SRgi, 

(ii) Tfy})si}i is a powerful proteolytie enzyme which acts best in an 
alkalim; nu'dium but retains its activity in a, slightly aciil medium : it 
breaks down prob'ins tii polyj)eptid(‘s and. given time, may liberati* c(‘rtain 
amino-acids, e.f/, leucine, tyrosine : it also (Minlles yy//7/'. Juic(‘ collecied 
directly froni the jKincn'atic duct (without, coming into contact with the 
duodenal mucosa) is inactive, becaust' it contains not tryj)sin, but a precursor 
calh'd trupsiiHHieii. The latter is activated by r.itteruiiufise, a constitiU'nt of 
the succus entericus. ((.T. thromboplastin, p. 112 .) Otlnu' protein-hydrolysing 
(‘iizymes. rjf. clufutotrtjpsiv (which mainly resemble.^ trypsin in its action) 
and “ erepsin ” (p. STD) mav al.s«) be pres^mt. 

(iii) Ahifflase converts all forms of stan'h rapidly into maltose (|). S*!;")). 

(iv) Lipuse splits m'utral fats (trigly«-erides) todiglyceridr'S. monoglyc(‘rid(.*s, 
aaid free fatty aci<ls, and glycerol, /^//c greatly inerea.ses the activilv of the 
enzyme which may be .secreted largely in the forni of an inactive pn'cursor 
(proli[)ase). 

Regulation of Pancreatic Secretion, i. Nervous Phase. -There 
is a small mufinuous- secrc^tion of juice in the fastitig animal : t he imudianism 
is unknown. Within a, few minutes of taking foo<l in the intact animal the 
How^ of pancr(‘ati(r juice is increased for It) 2 t) minutes. This respons<‘ d(‘p(‘nds 
on relh'.x .stimulatioFi of the m/// (from the mouth). Similarlv stimulation 
of the peripheral end of the cut vagus (using tin* tcclimbpn* <lcscrib('d on 
p. 777) sets up a ilow of (‘iizyme-rich jui<-e. This activity is a<*compani('d hv 
shrinkage of the gland cells and disappearance of the eontaitjed granules. 

2 . Chemical Phase. -Tin* introduetiou of (■»‘rtain siihstaiices, partieularlv 

^ M'fnughfm, Seancr ainl Siillivan, Arrh. ivl. Mnl., l‘K{K. fi/, 7;{U. 

" A ooruhiiied stuiiiach and duodenal IuIm* may hi* n.si-d (Itiisrli) ; thi* gastric contents 
arc aspirated by continuous suction to prevent ti)cm passing into tlic duodenum. 
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r/(7(/, (unl ink) I lie. stoinacli or iiilnstijit* of rxj)<.*riinental Mniinals 
c-iills fortli a furl licr sccn'tion of j)ancr<‘ati(*. juifa*. They all a(M only on coming 
into coutact with thr duoihMial nmeosa. 

(i) Jen/. O-n*’,, JK’l is \ (‘ry nlfectiv)* ; W(‘akcr solutions pioducc a smaller 
n‘S|)ojis(‘.. S(‘{'n‘tion kcinns aftor a latent jau’iod of 12 o minutes (Fig. 021). 
rapidly reaches its jieak a,her ok minutes, and goes on at a diminished rate 
tor aiiotluT hour, 'fliis so-ealled aei<l jiiiet* " (l.c. pam-reatie juice secreted 
iti resj)ons(‘ to acid) is highly 

alkalim* in reaction and has a ----- 

lower enzviiK* eontenl than introduce 250cc 

,,,, , 0‘5 HCI 

\ .l.^U.s JUK < . BY STOMACH TUBE 

(ii) Fttf IS as ejlretivo a.-^ j 

weak aei<l. ^ f fs^ 

(iii) IiH(\ "I’ln* aeti\e ju-inei- 

pie is the l)ile salt. Tluue is ^ Iq / \ 

considei’ahle degree ofeorrelat ion I \ 

under natural eonditions he- ^ 1 \ 

tw(‘en the rate of intlow of 5 / \ 

hile into t.he intestine and the ^ / \ 

rate of j)ancr<*atic ilow. ^ / \ 

There is noevidenee, howev(‘.r, k / V 

that either achylia gastrica or ^5- / \ 

(‘xclusion of th(‘ hile from the ^ 

intestine is associated with a ^ / \ 

d(‘en*as(Ml secret ion of panciT'at ie § / \ 

juice, / \ 

(iv) Water, even in large / \ 

volumes, and irritants (j»epper. / 

mustard) are ineneeti\e. Allah ® 0 20 40 60 80 too 120 

inhihits pancreatic secretion. minutes 

i\I F.CII A N IS.M OF ( HK.MK’AI. I'n;..‘»gl.—<'hcniical IMiase ol’t’ancreat ic Secre- 
J’llAiSn. ^J'lie clieinical phase is timi. (kata IVoni I’a\ li»\. Work <tj Ditjustiva 

due to the release of one or more frauds.) 

hormones (.‘'■Cr7v7/a,) OMirwifli |>;iiiiTr;itir llstnla. rin' volimu'uf iinnorwata' 

fi'oni tin* I Tit J *st 11 I iiniC()S’i Tiit-o s»*rrrt<'il ill i]io Ii I si ItuH I att(T th*' hitrodnct.lon 

Iiom riM 1 m sT.mai nun o.sa nil-O ofoilMr .sul..st.an.vs into tl.r stoiuarh was as tolJow.s : 

the portal hlood : 1 hey rea(‘h t In* :>«; ,..o. 

|)a.nereas via tin- svstemic eircula- a I'.’o h< i t-’-. 

f. ■ . , oil 1.(1 .i;j c.r. 

tion ; nervous conneiM ions play ,v,i r a 

no part in the reaction. The waroi"' 1! 

experimental proof is as follows : 

(i) The spinal cord and sympathetic ganglia in the abdomen are destroyed ; 
a. loop of jejunum is isolat<*d and its nerve supply is destroyed without 
interfering with t he hlood supply. The liifnMlurtio)i of arid ivl.o thrjejuiiaJ loop 
(lauses a. Mow of pancreatic juice. .As all nervous connections between the 
loop and the pancreas are severed, and as intrarruoas ijijection of acid has 
no secretagogue action, the acid can only act by releasing a hormone into the 
einudation. 

(ii) A transplant id' a jejunal lot)p is prepared ; the tail of the pancreas 
is also trans])lant('d to thi*. surface. New blood v(‘ssels grow into these com¬ 
pletely drnervafrd transplants which fiinctitin normally. The introduction 


0 20 40 60 80 100 120 

MINUTES 

I'u;. .Tgl.—('licniical IMiase (if Pancreatic Sccrc- 
timi. (kata IVoni Pa\li»v. Work oj Diijnstiva 
f d and ■'<.) 

!)i»ir wifli |>;iiiiTr;itir lisTiila. I'ln' Nolumc uf imncrwatic 
sfcn'ti'il in llio Urst hour after Mu- hitrodiut.lori 
oroUn r .sult.sUinc.'s inlD tin- stoiuarh was as folJow.s : 


o-.V^ IK I 

a r.’o IH I 

oil 

ml |tr]t|n‘r 

iini.<<t:ir(l 

wafer 


-() r.r. 

K> r.r. 

1.(1 \:i r.r. 
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of ail HCl sojiitiori into tlu‘ isolated j<*junmn caustss tin* <lrncrvat<‘(l [laiicroas 
to s(M*n‘tf. 

(iii) Usiii^ cross-iMroiilatioii inolluKls tin* portal vonoiis Irlood loavinu tlie 
small iiit(‘stim' ran la* sliown to contain a .secretajiOLjuc .snl).stan<*c whiidi 
stimulates panen*ati(* s(‘(*retion. 

The i(1(*ntity of the striictnres in the intestinal mucosa which fortn and 
rclea.se the hormones has not l>e(‘n d<‘t(‘rmin(*d. 

Secretin. Secretin can he exlra(‘t(‘d from tin* mucosa of tin* duod(‘num 

(ami to a less extent of the upper 
small intestine). It is a. protein of 
low tnolecular weight (hot HI) re- 
.semhline uastrin in its chemical 
properti(‘.s. It. produces a ilow of 
watery, highly alkaline juice 
oii*2) which is almost devoid ol’ 
enzynn's : no de^r.inulation of the 
j»ancreatlc cells takes place. It 
markedly in(*rt*ases the secretion of 
Brunner s glands of t he duo(h*nuni ; 
the s<*cretion of lule and of succus 
(*nt(‘ricus is also jnereas<*d. The 
l)h>od pr<‘ssure is unatlei'ted l>y ])ure 
preparations. Tin* act ion ofs(‘C]’etin 
on the pamu’cas is ^o’eatest when it 
is inj(*eted iuhdrcuoKsItf ; eiven 
suhcutaneoiisly it has a nion* pro- 
huie«*d hut slow(M*a.nd feebler action : 
it is inelVect ive hy moutli. 

The action ofs<*cretin in man can 
he .studied hy aspiratiii*! the duo¬ 
denal contents ; these arc inilin*nced 
l)y [)ancreatic activity, hut (*onsist 
(»f cour.se of an adini.xturc of pan¬ 
creatic juicf*, hih*, and duod(*nal juice 
in vaiyiim propen tions uinli'r ditfer- 
ent circumstances.^ JnLrav<‘nou.s 
injection of secretin in man 
incr(;a.s<*s up to sixtdld tin* volume of dmxlenal fluid ” fornn*d (Ki^. 023) ; 
the hicarhonate concentration incn*ases uj) to h or 7 times .so that the t(.)tal 
(jiiantity of alkali s(*creted may he uj) to It) times the re.stin^ value. Tin* pW 
of the tluid is about 8-I). The concentration of all the pancreatic enzymes 
tails, juoving that a lluid poor in enzymes is being formed ; tin* total amount 
of enzyme secreted in a given time is commoidy incr(*a.sed (Kig. o21). The 
interj)retation of the n’sults is complicated Ix'cause it is dilfnuilt to assess 
to w'hat (!.xt(‘nt tin* changes r(‘(*orded are inlluen(*ed by a .simultaneous 
inmasvd Jloiv of duodcnal junr.'^ 
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HOURS 

Fuj. ol’l’. .Action of pNluric F.Ntrjn-t.- 

( (JiisUin), and Duddcnal K.\liact> 

(--Secretin) on S<cretion •*!’ (Jastric 
iind Fanorentic f)ui<'c atid llic I'tiw ol 
Bile. (KoinaroN , Jit r. ('antol. Hi 
/, :{U1.). (I’f. Fig. .')! I.) 

('lit. Clioralosr. \ji^i nit. 

I*. : CylDiif fxtr.icl rim : it iucrc:i-rs tlie. voliinu- 
iiiid .-icidity uf j'ii.slric jiiii r 

Du,; I p|HT (liKtdiiial (•xtoicl (>cir«i iiii; it iiicivasr.-; 
the fiow of jijiiMTc.'itic jiiifi- iiiid l»il.-; Un-n- is ;i 
sliiilit effret (111 uMstric sccn.-l ic.iji. 


1 Agren and Lagerlof, Act. med. scand., 1936, 90, 1. Hammarsien, Agren and Lagerl6t, 
Act. mtd. ficand,, 1937, 92, 256. Comfort and Osterberg. Arch. ini. med. 1940, GO, 688. 

■’ .Seckjiitin 'Fe.st of l*A.\( itE/\Tic Fc.Mvi'jo.N. Dll tlxr wJiolc this rmdlKxl of investiga¬ 
tion has yielded disappointing re,siilts. In {;ii.sc8 of tfhstrucHon of the pancreatic duet 
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Pancreozymin.’ 'Plils wliich is al.s(M‘xt rartod from thr upfxT 

sTtuill iiiUvstiiM* produces on inj(‘crio!i tin* same eiVocts as va^nd stimulation ; 
i.e. is a How of jui(*(‘ ricli in enzynn'S. ami <l<‘j:rannlal ion of t}n‘ ])am*n*atie 
cells occurs. Tl)c action ofllu' jjormonc is not amiidlcd l>v atro|)im‘. 

The ellcids of va.^al stimulation and r>f pancreozymin eaii lie imitatcfl 
in man l)y injection of a slowly acting af*(*tylcholin(‘ like suhstancc. r.t/. 
niccliolyl. lnje<.'tion of nu'cliolyl (wliich acts at the va^^il terminals) has a 
slight ell‘e(‘t on the vol\iim‘ of dmxhmal lliiid (Ki*!. hut j»roduces. a 

marked and prolonged ijiereasf* in tlH‘ r>utput atid concentration of all tlic 
pancrealie enzymes (hy a direct (dfeet on the paiiereas) (Kie. oiJ|), 

I N K I, r i: .N (■ K OF I) I FT OX 

Paxcukatic SKciti-yi nes. - As 
th(‘ i-elati\e activity of the 
va^al.secretin,a!id pancreozymin 
mechanisms pi'ohahly \ari(‘s 
umler dilferent circumstances 
it is not surprisii)^^ to find that 
th(‘ ingestion of dilferent IViorls 
in animals |)roduc('s a pancreatic 
juice which varies in volume, and 
composition. .l/cr/Z elicits a larei* 
volujiie of juice rich in alkali 
and j>oor iii enzyme (Mnaamtra 
ti(»n. Fat or a//7/‘ pn)duces a 
mod(‘rat«‘ volume of juice with a 
low alkali and high eiizyim* 
concentration, lirntd produces 
an intermediate r(‘spons(‘ (Fiir. 

0 * 25 ). 

('u.XTlIOL OF Paxchka'i K’ 

Si-KutKi'tox Jx Max." -In a few 
clinical cast's of paiicreat ic //Wa/o 
attempts W(*r<* made t.o stmly the fai'tors controlling paiico'atic s(‘cr(*tiou 
in man. Tin* How was cojitinuous hut at a low level hetween nieals ; it 
was nun-kedly increased for about o hours by taking food (whether it was 
rich in protein, fat, or carbohydrat<‘). 

Complete Extirpation of Pancreas in Man.'^ This operation has been 
successfully jn'rlbrnu'd in cast's of malignant dist'ase of tin* ])ancreas. The 
resulting diabetes imdlitus is consideretl tui p. ttJT. The abst'uce of tin* ex- 
tt'rjjal secretion pi’odut.'t's importaJit digestive tlisturbajict's, h'iiding to the 
loss of lai'ge amounts of fat and t)rganic nitrogc'iious sid)stanc(*s. The fa'ces 

by ciitcullis) .siH’i’ctin eli(‘itv<l a poor ivspon.sr, t.t. there was o?iJy a .small iiierease in 
tli(‘ volume of duodenal fluid. In mi»st eases n\‘ chronic pnncrcalilis no deviation from the 
normal range was observed. In rnnetr of the pain-reas tlu-ni was a subnormal secretion 
of bicarbonate. 

* Harper and llajx'r, J. I'htfsiol., fff'J, I In; Harpm* and Maekav, ihl<L, IU4S, 

107, m. 

- MeCaugban et <il.. Arch. iut. Med., lUriS. 6’/, 7.’{9; Arch. Snr<j., 1941, 4,'i, 269. 

Waugh ct af., Pror. Sfn(f Mntfo (din., It>4(i, 2/, 2r»; (laston, \rir Enqland J. Med., 
1948, 2^<s’, ;i4r>. 



Klo. Klfeet of Se<‘retin and of Ab'elioJW 

I N’agal Stimulal ion) on \'olum<* of Duodenal 
<'o?ilents in .Man. (( (.mfort and (t'^terherg. 
Arch. in!. Mtd., 1940. (Hi, i;9.‘{.) 
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TO I 


<in* Imlkv, in colniir, soft, occjisioually loosr nr \vii.t<TV, juid sonujtini(‘s 

tdul sMM‘llni^ ; <>iu‘ tn stools art* pa.ssi‘(l daily, llu* weight of fa'cal 

solids is SO 120 g. per day, or about tliiro times the normal (ef. p. 814). 

(i) On a daily fat intake of KM) g., 5 7 g. are normally lost in the fieces ; 
in an operated ease on a daily fat intake of 70 and l(M) g.. .‘hi and 48 g. were 
lost in the fa*ces. 

The fat digestion (and absorption) that eontinnes in tln‘ absence of 
pancreatic lipase is due t() the action ot gastric and intestinal li|)ase. 

Tlu* })roportion oi split to unsplit lat (/.c. lattv a(‘id to triglyceride) in 
the t;ece> vari(‘->, but fnapiently the split fat may constituti* u|) to S0'\, of 




Flo. 524.—Fn'ecI of Sccrctifi and otMocholyl ( -Vagal Stimulation) on Coneentration and 
'rotal Output of Fanereatic Anivlasc in Man. (Omifort and Osterborg, Arch, ini 
Mfd., 1040, OUT.) 

Duoilonul 

Vertical a.vis in A : etuurnfration (4' amylase per c.c. of diiorlerml c«jtitcijt.s ; in Jt : totat amyliiMc in each 
JU-ininiitc Siimplc. Vinylasc in arbitrary units. 

M<*(;liolyl produces a more concentrated jui(?e and a larjjer tx»Ul secretion of enzyme than secretin. Fall of 
cuzyiiic coriceulralion (in A) and marked Increase of total enzyme (in li) l>ruu|,(ht about by secretin 
indicates the secretion of a lari^e volume of fluid. 

the total fat lost, 'riiis result is surprising in vi(‘w of tin* poor absor|)tion 
t hat is taking place ; it is attributt'd to the lipolytic action of bacteria in tin* 
rolott ; tht'se also continue to act on the fieces after they have been passed : 
of course no fat absorption can take place in the largt* intestine. 

(ii) The normal aimiunt of fiecal nitrogen passed daily is 1*5 g. or less, 
corresponding to about 10 g. of protein (much of this represents the protein of 
the ffcccal bacteria). In an op(^rated case on a daily protein intake of 100 g., 
4 8 g. of N were lost daily, corresponding to 25 .50 g. of protein. Pancreatic 
ju-oteolytic enzymes can then be y)artially but not wholly re])laced by gastric 
pepsin and intestinal erepsin. 

(iii) The digestion and absorption of carbohydrate is normal ; thus 
pancreatic amylasi* (;an be wholly replaced by intestinal enzymes. 

(iv) The imperfect digestion and alisorption of fat and protein may lead 
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7\)r> 

to ii loss of 2() •^^y% of t-ln* invested calorios. Tlio adMiinistratioii of panorontic 
di«:^(vstive extracts by inoiilli may halve the loss in tlie fa‘ces. 

(v) In animals pancreatectomv is iollowed bv the d(*velo}>m(‘nt of faltv 
liver (p. 8()8). 

No hepatic disturbances were noted howev(‘r in these eases, in spite of 
The abseiiC(^ of the pancreatic lipotropic siibstaiic(‘s (|). (‘vcn in a patient 



HOURS 

Kn;. .")2r>.—l’an<reMti<- Response n> UilVerent KotidstuIVs. (Data IVom RavJco, Work of 

rf (Hands,) 

Experiments on dous with j)un(Teatie tlstnlii. Curves show volume of panereutie julee (c.e./hoiir) and 
eoucentrution of ]inncrealic tMizymes (inarbitrary units) in response to eatiu)» incat, bread, and milk 

who refused to take lipotropins. But it is wise to administer e.vtra lipotro|)ins 
in th(‘ form of choline, and methionine ; extra calori<'s should be 

^iiven to mak(‘ jj^ood the fraction lost in the heces. 

Similar observations have b(‘en made in children with con^auiitid pancreatic 
deficiency (fibrocystic dist'ase of the ])ancreas).^ 

^ In loss s(‘vere paiiereatic difieuKe tla^ digestive tlisturbanms are (•oriesf)ondiii^lv 
less marked. 
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SECRETION ANT) FUNCTIONS OF SMALL INTESTINE ^ 

Methods. —To investigate the factors controlling the s(*cn‘tions of the 
small intestine in nnan.'esthetizeil animals, a loop of int(‘sline is sef)arate(l and 
both free (‘rids are sutured into the abdominal wall ; the continuity of the 
bowel is restored ; the secretion of tlie loop can lx; collect'd and stinlied. In 
man, the small int(‘stine (‘an be blocked in two places liy means of balloons ; 
by Suitable dtn’ices the int(‘stinal c.ontents above the proximal balloon or 
between the two balloons (^,an be a.s|>irated and i‘xarnine(l.^ 

Ddodkx.al Jri(’i-:. Brannvr's ijlands are the distinctiv(‘ histological 
feature of the duodenum ; th(‘y S(‘cr(‘te an alkaline jui(*e rich in rnucais, 
n^sembling that formed by the structurally similar pyloric glands. S(‘cn*tion 
is incivased by caijns stimulation. inj(‘ction of .srcrc/v'// (p. or by perfusing 

the duodenal lumen with a dilut(‘ solution of IICl. Transplanti'd isolated 
duodenal l<x)ps rire dry at r(‘st, but secrete briskly aft(‘r ing(‘stion of food 
(which of course d(x‘S not enter the loop) ; the resjx)nse to food is partly under 
nervous and partly und(‘r hormonal control. 

Intestinal Juice.— Surens enfrricus (like duodenal juic.e) is an alkaline 
fluid (Fig. 5b) containing inucus and two enzymes, enirntkinasr and amfjlasa ; 
certain otluM; important enzym(\s, which (‘omj)l(‘t(‘ the digestion of the food- 
stulTs, are pn‘sent in tin* Jininff rrlls of tin* intestine, nann‘ly : 

(i) Erepsin, a mixture of s(*veral sp(*cific (‘nzynn*s, acts princijailly and 
rapidly on p(‘|)t()n(‘s and polypeptides, convf'rling them into amino-acids (it 
can also br(*ak down caseinogen and oth(‘r prol.(‘ins slowly) : oth(‘r enzymes 
coni])lete iLe breakdown of nucleic acid via nucleotid(‘s and nucleosides to 
lib(‘rat(‘ puriiu* and pyrimidine bases (j). S7b). 

(ii) Inrrrtasr converts cam* sugar into glucose and fructose ; malfasr breaks 
down maltose into two molecul(‘s of glucos(‘: htviasr converts lactose into 
glucose and galactose (p. t^‘J5). 

(iii) Enlrrokinase (mainly found in duodenal juice) activates pancreatic 
trypsinogem (p. 790) ; certain constituents of intestinal juice increase the 
activity of pancreatic amylase and lipase. 

(iv) Lipase. 

As wdth duodenal juice, a flow of intestinal juice follows a meal ; it is slight 
during the first 2 hours, but shows a mark(‘d incr(;ase in the third hour ; it is 
most marked at the uj>]>er end of the gut. The (‘ontrol is mainly cliernical and 
only slightly vagal in origin. 

Mechanical stimulation of the inteetinal mucous membrane increases the 
volume and total enzyme output of the small int(;stine. Colicky intestinal 
contractions and ingest ion of wat(*r, glucose, egg, and milk, produce similar 
results. Local irritants increase the volume of fluid aaid mucus secreted. 
Histamim* has a very slight effect. 

Ahsorption in the Almost complete absorption of the products 

of digestion and of other materials {e.p. water, salts, vitamins, ha;matinic 
princi[)le) normally occurs in tiie small intestine. Tin* mechanism of absorp¬ 
tion of the dillen'iit substanciis is considered on ]). StiJ (fat), ]). S3f) (carl)o- 
hydrate), ]>. <S79 (protein), ]». 151 (vitamin-/\), p. 997 (calcium), p. 2()S (ii‘on). 

* Elorey, Wright, and Physiol. Rev., 1941, 21, .'16. 

- Owlea, Clin. Sci., 1937, 3, 1. 11, 21. 
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.IkjunO'Iijoal Insukkiciency. (i) Excision of the sm«ll intestine iniist 
be v(‘ry extiMisive belorc*. it interferes signifi(?.‘intly witli digestion or absorp¬ 
tion. 'IMins in one faitient almost the whole of the small intestine was 
res(‘ete(l (for regional ileitis), leaving only the npper three fed. Carbohvdrate 
absor[)tion was 99% complete, 70of the ingest(‘d protein was absorljed, 
but fat absor}>tion showetl very wide variations. 'J’hiis when 97 g. wen* 
ingestcMl only 5 g. were absorfx'd : when 200 g. were eaten, SO g, w(*re al)Sorb{Ml; 
the respee.tiv(‘ losses in the fa-ees wei'e thus 92 and 120 g. Tin* h)st fat was 
excreted mainly as fatty acid (cf. j). 791). ( alciiim al>sorption was greativ 

d(‘crease(l owing t.o the tbrmation of insoluble calcium soaps ; tla* s(‘rum 
(■a fell with residting attacks of tetany. The tetany was controlled bv 
cutting down the fat intake and incn'asing the carbohydrate and giving large 
amounts of ( a and Vitamin-/^ 

(ii) More* sev(*re disturbances result from (jnstrorotic Jistnhi. where much 
of the food compl(‘t(‘ly short-circuits the small intestim* by pa.ssing directiv 
from the stomach into the tra]isv(‘rse colon. In such pati(‘nts, in addition 
to th(‘ (dianges de.scribed, th(‘re may iils(i be failure of absorf>t.ion of ha*matinic 
jnanciple (nisulting in pernicious aiuemia). and of vitamins (leading to complex 
multiple vitamin deticiencie.s). 

(iii) Jejuno“ih‘al insufliciimcy also o(‘curs in sprne and (dliei' obscure 
doraiigenumts of the small intestine. 

Redneeil altsorption of food.stuifs from the small inl(‘stin(‘ mav be due lo 
(i) insutficient intake; (ii) ina.de<|uate digestion from lack of pancreatic or 
other juices ; (iii) lack of maUu'ials ne(a‘s.sarv to pronuite absrwption, e.q. 
bile salts; (iv) abnormal state of the wall of the small intestine; (v) in- 
ade((uate hmgth of available small intestine, e.//. after e.\t(‘nsive I’esectiojis or 
Jistula, formation. 


THK BILK* 

Ihle is alkaline and contains th(‘ ions found in extrai’cllular fluid (Fig. 59). 
The principal orjjanie constituents of bile an^ : (i) ihle pigments ; (ii) I 5 ilc 
salts; (iii) CTolesterol and h'cithin. The origin and significanc(‘jd* each is 
• iiscussed below. 

Ib’h’ can be colh*cted from th(‘ ennnnon hilc dnef or from the (utll-blndder. 
The orfpimc constituents iti gall l)ladd(*r bile are p?(‘sent in much higher 
concentration (O 10 times) than in duct bile ; ntneln is also pre.sent-. 

Bile Pigments. (Fig. .101, p. 1S9). Tin* bile pigments are h/Zb/zh/;/ and 
hiliverdin. Bilirubin is fornn*d by the scattered macrophages from the 
lueinoglobin of destroyed red blood c(*lls. It circulates in the blood stream 
and is excr(‘ted by the liver ci‘lls from the vascular capillaries into the Idle 
channels. Biliverdin is formed in the l)ile passages as an oxidatioji product 
of bilirubin. The bile pigments serve no dig»‘stive. pur})Ose. They are j)arlly 
excreted in th(* f;e(.a!S and urine (cf. pp. 188 d seq.). 

Bile Salts.—The bile salts are probably formed in the liver ; they consist 
of sodium glycocholate and sodium taurocholate. The bile salts, by tlndr 
hydrotro}»ic action (j). 8t)3i, may help to keep the cholesterol of Ukj bile in 
solution. 


Whipple, Phf/fiol. 1922, 2, 446. 
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i'holic arid i.s a sttM’nid which is Idrrncd in the body iVtnii choh'sterol 
( Kii:. r)*ir»). dhfvinv (<»r ^Ivcoeholic acid) is ])r(‘.soni in food |)roteins aiai is also 
n'adilv formed in the body. CH 2 (NH 2 ).Cll 2 SOo.()ll (of taiirocliolie 

acid), is a sul|)hur-contaiiiing substance which is derived from tlie cystine 
|.)res(‘Mt ill the food or in the body proteins (j). SS2). Tln‘re are aliont ecpial 
amounts of the taurocliolate and the glycochohite in human bile. During 
fasting, tlie supfdy of taurine is limited, and this lowers the taurocliolate 
formtal to a minimum. 

Im'i.uenc’K of Diet -During fasting there is a uniform low exeretion of 
bile salts. Tt is further lowered by ingestion of a carbohydrate rich diet. It 
is raised to a maximum by protein rich diets. On a m)rmal diet there are 
gn'at variations dav bv dav, dep(‘nding on the amount of meat and starch 
which ar<‘ pi’csent. in the looil. 

Role jn Intestine.—T he bile salts increase non-s])ecitically th(‘ dlt/rslirc 
tfc/lo}) of all the pancreatic (mzymes -amylase, trypsin, and especially lipasi*. 
In the various wavs which are detailed on |>. the bile salts promote the 
absorption both of neutral fat and fatty aci<is. VVInm the (‘ommon bile 
duct is (distrii('h‘(L 2.0 To*',, of the fat- iiitaku* is lost in tin* fieces. mainly in the 
form of fatty acids. The bih‘ salts also promote the absorption of tln‘ fat- 
soluble vitamins ~/1 (and caroten<‘), -D. and -A’ (cf. p. Ibl), and possibly (»f 
secretin. 

CmcuLATioN OF BiLE Sai.ts. —The bile salts are reabsorbed from the 
intestine, are carried back to the liver, and are then re-excToted in the bile. 
The evidence is as follows : 

(i) No bile salts appear in the feces, though a trace of a decomposition 
product of cholic acid (dy sly sin) is found. 

(ii) If the bile duct is brought up to the surface in a dog and the bile 
eolh'cted, t here oeeiirs during fasting a uniform ininimal e.xeretion of bile salts, 
proving that: tliev can be form(‘d constantly in tin* body. If bile salts are then 
given by the mouth they are quantitatively eliminated from the iistula in 
0 hours. 

When the bile salts reach the liver they stimulate it to secrete more bile 
({). Ac. they are cholaxjoyues. 

A.s l)ile salts can be. formed in the body and are. always n't.urned to the 
liver from tin* small intestine for re-excretion in the bile, there must be some 
metliod of preventing them from accumulating in excessive anioiinls. Tin* 
nature of the regulatory mechanism is unknown. 

Cholesterol. Cholesterol is a steroi<i ; its cliemieal strueiain* is s(‘t 
out in Fig. ')2r». ddn* niain facts about its metabolism will be siimniariz(‘d 
here : 

Sources. —The. c.hi(.*f source.s of cholesterol in the foofl are yolk of eggs, 
liver, kidney, brain, and fats (cream, butter, and meat fat). 

Distribution. —It is widely distributed in most of the cells of the body, 
either as free cholesterol or combined with fatty acids to form cholesterol 
esters (cholesterides); it is usually found together with lecithin. It is 
probably a constituent of all cell membranes ; it is found in the red cells, and 
large amounts are present in the ovaries, the adrenal cortex, and the grey 
matter of the nervous system, especially the brain. Most of the cholesterol 
derived from cellular disintegration is retained in the body and is not. 
eliminated. 



CHOLKSTKROL METAIJOI.ISM r»!) 

Effrcts of iNfiKSTiox.- (^Iiolesterol takon in food is mainly al>sorbp(l 
into th(» int(‘s1infil IviJipliatics. Sr)m(‘ is |>ass»*rl in tin* fa^cns aft-nr bniiyi: 
by iiitestinal bacteria to coprosternj. 

The cholesterol of the l)i]e may he an excretion from the blood, for in 
general tli<* conc(mtration in tin* bih* varies with that in the blood. A lipidc- 
fr(‘c diet may be associated with a low bile cholesterol level ; but excess 
f(*edine with chol(*sterol prrxliices ordy sli»;ht changes in the amount of 
choh*st(‘rf)l in tin* bih*. 

Synthksis.- (diolesterol can be .synthesized in tin* body as proved by 
the fact that tin* output may exceed tin* intake over periods of time by a.s 
much as (>,‘1 g. daily. Liv(‘r slices readily synthesize choh‘slerol at a I’ate 
which should be sutlicient to su])|)ly all the boriy re(piirenients ; tracer 
(*x])eriments prove that most r)f the 27 0 atoms of (‘holesterol come directly 
from “ acetic acid units (p. Though the* liver is the maiii site, otlu'r 

tissues (but not brain or nerve) may also synth(‘size cholest<*rol normally. 




olM). Stnii-niiv of (/holii* Arid and (■h(di‘.st,orol. 

For full structun* of stej’oid umdeus, st‘e Fiii. The j)rojectine‘ lim's 

at (\.{, reprt‘sent an attached (’H., <iroup. Sineh* bonds indicate that 

the (’ atom is .saturat(*d with H atoms. 

Blood CiiOLKSTFdtoL. The normal level is 150 250 iii^ It isecjually 
<listrihuted b(*tween the ])lasma and the corpuscles ; one-third is pre.sent as 
free cholesterol, and the remainin*’; two-thirds as cholesterol esters (choh*s- 
teridcs). The in^^estion of food rich in chol(*sterol over a period of titne ?'ais(*s 
tlu* l)lood cholesterol, but followin^i siiijxle meals the chaiijiies in the blood in 
man are variable. 

Frxr'rioNs. Cholesterol is the immvdiutv pr(*cursor of rhnlic avid and of 
/>n>(/rs/(>ronr \ it is the j)robable precursor of the trstniffcns and t he adrnifd 
enrfiroids. 

Pkkona.nc’V. Up to the thirtieth week there is a |)rogr(‘ssive ris(‘ in the 
fnr chol(‘st(*rol and a cor?’<*s|»ojidin^ decrease in the c.n7c/- cholesterol to (piite 
low valu(‘s ; the blood returns to normal soon after the puerperiuni. 

In Disfasr.-- The l)loo<l cholesterol is said to be low in all forms of chronic* 
(UKvmia and durinjr acute infcHitious disease's, it is retiiilaiiy and iiiarkedly 
rais(*.d in (.*ases ad th if mid drficiencif (Fig. 023) and decreased in hffpvrthiimidisin 
(p|). 1)81, 1)1)1). Some* increase may occur in severe cases of diahefes nndlifus. 
In )tephmsis with (‘xt(‘nsiv(* anlenia, the blood cholesterol is commonly 
raised, ev(*n to 1200 ing-% (]). IM). A patient with gallsfiwrs who is not 
jaundiced shows no alteration in the blood cholesterol, so jio help in diagnosis 

‘ bliM'h cl ol., ,/. hiftl. ('hem., I‘.tr»n, 1S:1, .*L‘t ; Jivrcul Ihirmonc //fv., I it”) I, 0. 111. 
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(*jin 1 m‘ obtained IVoin such (Ift^'nninations. On tin* ollirr haiid, /V/v/y/YZ/V-r of 
the rhniiiir uhsfnicfirc (ujic from any eaii.se i.s associated with a hi;.di hlooil 
ehol(*stero] ( 2 b() TOO mi» “,j), l»eeau.'<e ilie const it inmt s of the l)il(‘ are [>a.sse<I 
l)a<-k into the blood. If tlie bile is allowed to e.scaj>e from the body through 
a fistula, the cliolesb'rol ester.^^ in tin* plasma may almost comph^tely di.sappear. 

Secretion of Bile. —In an aniinal (or man) with a listiilous opening 
into the ^all-bladder and the common bile duct tied, it can be shown that tlie 
se(rretioii of bile by the liver is a continuous process. Bill* is secreted at a 
low pri*ssure : conseijuently its How can Im* readily (distrueted. Tin* total 
voluuM* of bile formed in man is .“>()() IdtMlc.e. in -J j lumrs. Its rat»* of secretion 
is modified by the followinji factors : 

(i) About the third liour after the invest ion of fd(Ml there is an increa.se 
in the v«>lume of bile secreted : then* is a slij^dit decrease in the How at niuht. 

(ii) Injection of sec?*(‘tin and slimidation of the vaiius nerve havi* an 
excitor effect on bile .secretion. 

(iii) The mo.st powerful cholagogue i.s whole bile or its at tive principle, 
the bile achls. If S l‘J tj. taiirocholii* acid an* ineesle<l, there is an increase, for 
•JI-IS hours, in the volume (d bile whieii is.secreteil ; the ineesled acid can be 
recovered (plantitatively from the bile. (Jlycocholic* acid acts le.ss powerfully. 

(iv) Kxju'rinu'iital j)roc(‘dun*s, r.g. juilline on the .uasIro h(‘patic onH*ntuni 
or op(*nin<; and closing tin? abdomen, reth*xly d(*(*rease tin* volunn* of bib* 
secreted ; the administration of an an.-esth(‘tic has tin* sanu* effect. 

The results of comjilete biliary ob.struction are fully cou.sidered on 
p. 801. 

Functions of the Gall-Bladder. —The gall-bladder is a thin-walled 
struct lire ; in man its maximuin capacity is about 50 e.c. of bile. As mentioned 
abov(‘, th(‘organic constituents in gall-bladder bih* an* pn*s(*nt in H 10 tim(*s 
tin* concentratiiui found in the bih* in the h<*pat ic duets owing to the absorption 
of isotonic salim* by tin* mucous membrane, 'flie val\’(*s of lieister |spiral 
valve] at the junction of the gall bladder and tin* cystic duct, do not resist 
to any significant e.\t(*nt the 1h»w of bih* in or out of thi* gall-bladder. The 
terminal part (d‘ the common bile duct joins the pancreatic duct in tin* 
ajupulla of \’ater which op<*iis at the apex of thi* duodenal pa|)illa (Fig. 527) : 
tlie t(*rniiiiation of rh<* common bih* duct is ciuit rolled by the so-calh*d s/thiitctfr 
of ()(/({I. 

Flow and Storage of Bile, (i) During n /nsfiifg jx-riod the tom* of tin* 
sphincter of Oddi ri.'^es .so that it can resist a pre.ssiin* of 50 cm. of bih*. Tin* 
livi*r go(*s on .s(*(*reting bih* st(‘a.dily : w[M*n the pressiin* in t he di.stvnded bile 
ducts rises to about 7 cm., bile b«*gin.s to flow into the* gall-bla(hh*r, wh(*re it is 
stored until it is n(*i*ded during the n(*xt im*al. Although tin*, gall-bladder can 
only hold a small volume of //u5/, it can ston* t in* onjainr coHfnd of a large 
volume of liver bih*, because. 50 c.c. of bladder luh* re|)re.seiit' the. organic 
cont(*nt of 500 500 c.c. of livei- bih*. In this way the gall-blad(h*r acts as a 
very effective n*.servoir in spite of its small capacity and prevents tlii^ pre.ssnre 
in tin* bih* pa.s.sages from rising exce.s.siv(*ly. 

(ii) During />c//W.s- of (h'grsfioH tin* sphincter of (.)ddi partially ndaxes and 
now yi(*his at a pre.ssure of about lO cm. of bile ; at the same tirm^ f lu* gall¬ 
bladder contracts. The pn'.ssure in the bih*.-duct .systiun may ri.si* in c.on 
.secpience to 20 cm. ; bile is cons(*(jU(*ntly di.scharged in a gush into the 
duodenum. 
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(iii) Tf th(‘ l)il(* durts an* nhsfntrfrt/ iIk* pn'ssurt' iu tin* hilc* jaissauf's in 
the livrr may I’isp finally to .‘JO rm., at wliifli point rca hsorpt ion of fa If* into 
tin* l)l()od lakas plac**. 

Movements of the Gall-Bladder.^—These can be studied in animals 
as follows : The gall-bladder is exposed, emptied of bile, and filled with an 
iodiz(‘d oil wliicli is opacpn* t(» X-rays ; alternatively tin* clinical nn'tliod of 
clH)lccystograp])y may be em]»loyed (p. 80*2). Tlie followijiix observaliojis can 
be made radiograpliically ; 

(i) Adrnuilim^ or sfiiftpafhftfic stimulation produces a. jajwerful cf>ntraetion 
of the gall-bladd(?r ; but stimulation of the vagus, inj(‘(rtion of secretiii, or the 
introduction of 11 Cl into the duodenum has no cdfect. 

(ii) Bile salts increase the size of the gall-bladder shadow, owing to 
increased secretion of bile by the liver. 



Fig. 527. Anatomy of Hiliarv 'JVacI (Barclay, Truvl, 


(iii) As each wave of peristalsis in the duodenum is j)reced(‘d by a wave of 
relaxation, it has been thought that the alternate relaxation and conlraction 
of the muscle round the termination of the common bile duct mightmilk ” 
the bile into the bowel. This is not the case, however, for active peristalsis 
may take place in the intestine without the gall-bladder being emptied. 

(iv) Kespiratory movements are unimportant, because all the intra¬ 
abdominal structures are uniformly compressed. 

(v) Effect of Food .—The most effective stimulus to contraction is the 
presence of large amounts of fat in the intestine (particularly eqg yolk)y and 
to a less extent of protein. Exiuilsioii of the oil from the gall-bladder ])(*gins 
in 5-BO minutf's, and continues until the organ is emptied after 2 5 hours. 
The rapidity with which the gall-bladder comm<*nces to contract after inges¬ 
tion of fat is surprising. The same results are obtained after tying the lacteals 
or division of the vagi and of the sympathetic nerves to the gall-bladder, 
indicating that some substance enters the blood stream from the bowel and, 
causes contraction of the gall-bladder. The presence of certain foods in the 

1 Ivy. Physiol. Rsv., 1934, 14, 1. 
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bowel tliiis not OTily iiiereases the volume of bile by tlie liver (j>. SOO), 

but also causes partial or complete emptying of the jjjall-l>Ja(l(]er, bile thus 
beiiijr provided in the siiiall iiitestitH* ti» assist th(* dis^estiv’e processes. 

(vi) (Vtolecyslnldnih }—Acid extracts of the mucosa of the small int(*stine 
contain a substance, chohtyfsiokinhi^ which prodmavs contraction of tin* pill- 
bladder (Fig. r>*2S). Ivy claims that eholecystokinin is normally formed and 
absorbed into the blood stream during inte.stinal digt‘Stion and acts on the 
gall-bladder. 

(vii) Except in response to the presence of large amounts of fat in the 
bowel, the gall-bladder does not usually empty itself comj)letely, but fills 
slowly and empties irregularly ; this is shown by tluj fact that on a normal 
mixed diet, dyestutfs introduced into the gall-bladder are still found tliere 
after 1-3 days, but not after 7 days. 

Cholecystography. —The biliary system in man can be examined 
radiograj)hically by (Jralianrs method. \Vh(‘n t(‘traiodo- or letrabrom 
phenolphtliahun is inject(‘d intravenously or ingested it is (‘xen‘led by tin* liver 



Fk;. .")2K. -A<*ti(»n of C}ioli‘cystnkinin on Gall-I>la(l»ler (^aitraetion. (Ivy, Mvdu:inf, I1K12.) 

Record of t'all-bladder moveinenla. At point A on baBC-Iliie an intravenous injcclif)n of cholecystokinin 
was made. The i,$albbladder Imtnediately contracted. There was no c})an(j;c in iite voliinie ol 
the liver or in the blood pre.ssurc. 

from the blood ; it passes into tin* gall-bladder, winue the »iye is sufficiently 
concentrat(*d by the absorj)ti(m of .saline to lM‘comf‘ oj)a(pie to .\-rays. Tin* 
size, shape, and behaviour of the gall-bladder can be studied radiogra[)iiically. 
The dye which is present in the liver and the bile ducts is too dilute to cast 
a shadow. It is safer to administer the dye by the mouth in formolized 
gelatin ca])sules ; when given intravenously, toxic* symptoms may be* pro¬ 
duced ; given subcutaneously, local necrosis rc*sults. Fsing this tc'clinhpie 
it can be shown that/c/Y and, to a less extent, protein taken by mouth cause 
rapid emfitying c>f the* gall-blad(h*r in 3 S hours. (Fig"^* and r)3() show 
the effect of ingesting egg yolk ; cf. also [). 801.) 

f^iolecvstography is employed in the diagnosis of gs 11-bladder dis<'ase. 
If the dyestuff is absorbed from the l)owe) and yet no shadow of the gall- 
bladd(*r is obtained, wv. can conclude that the c^vstic duet is obstruct(‘d or thf‘ 
%.gall-bladder is sclcTOsed, or that tlic» gall-bladder wall bcvausc^ of disease* 
cannot concentrate t he contained bile in the normal way. 

of Magnesium Sulphate. Drainage of Hiliarg Passages, It is 
claimed by Meltzer that e-ertahi salts cause relaxation of the*. sphiiictcT of 
Oddi and tonic contraction of the ga]l-l)la(ld(*T. Lyon has made* use* of this 
observation : a tiil>e is ])ass(*d into the duodemum, a 33' -o wolutiem of magnesium 
sulphate is int roduced, and the? bile* is colle;cted at intervals. The first sanijilos 
are light yellow, and e*.om(? from the common bile duct; then follows darker 
and more viscid bile* from the gall-bladder ; and, finally, light thin bile of 
^ Ivy, Medicine, 1932 , 11, 346. 
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low spocifio irravity, ;iiid coritainint^ only trjic(‘s of <*hol<‘st(‘iol, is obtained 
from the liepatio (lu(’.ts. This ieciiiiiqur can })e cni[)loy(‘tl to drain the biliary 
passajio or to collect bile for bacteriological and niicrosco])ical irivesti^ation. 

It must be pointed out, howev(»r, that magnesium sulphate given by 
mouth is probably equally efTe(;tive ; that, studied radiologically, the Lyon 
technique does not cause powerful contraction of the gall-bladder ; and that 
it seems more reasonable to give fat. which is known to emyity the gall-bladder. 
WaiDt oJirr nil introduced into the duodenum is a more reliable stimulus 
to gall-bladder contraction. 




t'n;. —Outiinea of Human 

Cholecyfltogramfl, about one- 
half life - size. (Hoyden, 
.\nal. Jiec.^ 192G.) 

A; Kali-bladder 17 hours after iii- 
ire.stlon of tctra-iodo-plienolpli- 
tlialriii (vol.-^4 (’u, iiw.). H: the 
same Kidl-hladdor IS hours after 
a meal ol' 4 yolks and jl jiint 
of ereain (vol. — o-id:i cu. ins.). Al 
ISO iiiiiiiites the call-bladder 
eompletely emptied, and could 
no longer be Been radlograph- 
ieally. 



Fig. o‘hh —Effect on Volume of Human 
Oall-Bladder of a Meal of Five Egg 
Volks ini.xed with Water. (Boyden, 
Annt, Rec.., 1928, W.) 

Ordinate: volume (»r gall-bladder. Abscissa: 
time in minutes. During the period (10 
ininutcB) indicated l>y the bracketed arrowK, 
A, the BUbjeet Binelt. a dish of liot fried 
l»aron. Tlie volume of tlie gall-bladder 
iuijreased. At 0, be ingested j> egg yolks. 
Note in Ibis case tliat tlie volume of tlie 
gail-l>ladder decreaHOH markedly in 2 minutes. 
'I'he eggs liegln to enter tlie diiodemiTn u'itiiin 
I minute of swallowing. 


Removal of the Gall-Bladder. This opemtion gives rise in man to 
disadvantageous consequences : 

(i) Tilt* bile ducts become dihitcd to acconimodatt' to some t‘xtcnt the bile 
which is continiioiisly secreted by the liver. 

(ii) If the tone of the sphincter of Oddi is high, tlu' pressure in the hiliary 
passages rises until it may equal or exceed the secretory pressure of the liver 
cells and thus interfen*, with their activity. 

(iii) If the tone of the sphincter is Ioav (as it often is for a time after 
ehole(;yst(‘etomy), bile dribbles into the intestine when it is not ne(*ded and 
is eonsetpiently wasted. 

The importance of the reservoir action of the gall-bladder is illustrated by 



S()4 COMPLETE HILIAR^' OBSTIU C TIOX 

tlu' following experiment. If the common bile duct is tied, and the gall¬ 
bladder removed, jaundice appears in 3-0 hours ; but il the gall-bladder is 
left it can store so much bile pigment newly secreted by the liver that (after 
tying the bile duct) jaundice*, does not develop for 30-48 hours. The rise in 
retain(»d plasma bilirubin is similarly more marked and more rapid in the 
animal d(*prived of its gall-bladder (Fig. o31). 

Results of Complete Biliary Obstruction. (\)mj)Iete obstruction oi 
the bile diu’ts jU’odiices results which are dm* to : 

(1) Ahsrncr of hllf front thr htttre!. This leads to imi)aired digcstiim 
and reduct'd absorption of fats and corresponding changt's in tin* ta*ces 
(p. : rt'duced al)S(nption of vitaniin-7i h'ading tn a fall ot plasma pro- 
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l-'n;. .'kJI. -Storaif*' <'a]iai-ily of (xall-liiaddc'r. Klfoi-ts on IMasina |{ilirul)in 
Aceninniation nt (thstniclion of Coinrnon liilr l)m-l in I)o^s. (l^•d^a^^ll 
iVotn Mann and Holhnami, J. lah. rlin, Mr.d., lUlJo, /t/. fiKl.) 

Ordinate ; plasma bilirubin in \'an den BorKli units. At 0 in both animals tie enininoii bile duet. 
In the exi»iTinierit illustrated by the upper eurve (A) the gall-bladder was also removed. Note 
the more ra[)id ri.se uf ]»lasma bilirubin in A than in H, owing to loss of storage funetlon of 
gall-bladder. 


thronil»in and Incmorrhuges (p. lol); defective h;emnglobin formation and 
anannia of obscure origin; rndncod altsorplion of fat soliibh* vitamins-.l 
(and carot(*ne) and -I). 

(2) 'Phe efiects on tin* body cells of/ yVc////V>// of bile in thr blood and tissu<* 
Hinds. 

The refntfion of bile lea<ls to jaundice (p. IMl), loss of apjietite, and injury 
to the ga.stric mucosa : pejdic ulcers (usually duodenal) (l(*velof» freijuently, 
and may be responsible for (htalli from luemorrhage or |»erforatir)ii. The lu'art 
rate is slowed. Tin* blood level of all the organic bile constituents (bih* 
[iigments, bih* salts, and cholesterol) is increased ; bile pigments and bih* 
salts app(*ar in the urine. 

(3) Th(‘ utjnrtf to thr Hvrr resulting from biliary obstruction. 

The liv(*r varies in size, is stained with bile fiigment and is smooth and 
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tirni. Tlio hile cantiliciili iiro dilatt^J, the hepatic cells are atrophifd (inaiiilv 
round the portal canals) and there is connective tissue oveigrowth. TliV 
iinpnirnuuit of liver functions leads to the sip;ns of parnir/nfmal falhirr which 
jire detailed on [). 829. 

Th(5 coinf)osition of the. dirt rnarkedlv influences the clifncal state.. In 
animals on a carhohydrate-ricli diet, life may be |)n)lon‘Z(Ml for a year or more ; 
an exclusively meat diet may, howeva^r, prove fatal within one week. It is 
|)ointed out on p. 828, that a high glycogcui content ])rote.cts the liver cells 
against the harmful effects of various toxic agfuits. 

Bilk Fistula. A com{)lete bile fistula (in which all the ])ile is passed 
through ai» artificial o|)cning to t he exterior) results in loss of hilr from thr 
body with the results summarized on ]>. 804, (1) ; th(‘re is progressivt* impair¬ 
ment of bile secretion by tin* liver. There is no c.ompression of tin* liv(*r 
cells and then‘for(i no parencltynial failure. The usual results of loss of water 
and electrolytes occur (if tluise are not replaced). 


MECHANICS OF ALIMENTARY CANAL ^ 

The movements of the alimentary canal in man are best studied by means 
of X-rays after the ingestion of a meal which contains opaque barium salts. 

Swallowing. —This occurs in three stages ; the first stage is voluntary^ 
the other two are reflexly produced. 

(1) After mastication, the food is rolled into a bolus, which lies in the curve 
of the tongue. Swallowing commences by voluntary contraction of the mylo¬ 
hyoid muscles, which throw the bolus back between the pillars of the fauces on 
to the post-pharyngeal wall. This region of the pharynx has a rich sensory 
innervation from the glossopharyngeal nerves ; when the local nerve endings 
(and also those in the soft palate and epiglottis) are stimulated, afferent 
impulses are set up which reflexly (via the so-called deylnfition centre in 
the medulla) produce the complex coordinated movements occurring in the 
involuntary phases of swallowing. 

(2) The soft palate is el<*vat(*d and thrown against the ]>ost-f>haryngeal wall 
to close off the nasal cavity. The larynx rises with the elevation of the hyoid, 
and the pharynx is practically obliterated. The vocal cords are approximated, 
and breathing is momentarily inhibited. The posterior pillars of the fauces 
approximate to shut off the mouth cavity. The pharynx reopens to permit 
the passage of the bolus ; the epiglottis guards the laryngeal opening, until 
the bolus reaches the oesophagus which simultaneously opens up to receive 
it. Aspiration of the food into the larynx is also prevented by the associated 
reflex apnoea. 

(3) The bolus is then propelled along the a^sophagus by p(*ristaltic wav^es 
in its muscle coat. Gravity plays little part in this process, as the rate of 
progress along the oesophagus is not affected by posture ; it is as rapid in 
the supine as in the erect position. 

The swallowing reflex is temporarily abolished by anaesthetising the 
pharynx with cocaine ; it is deranged by lesions of the medulla oblongata 

^ Alvarez, Mechaniam of the Digestive Tract, 2nd edn.. Now York, 1928 ; Introduction 
to Gastroenterology, 1939. Barclay, The Digestive Tract {Radiological Study), 2nd edn., 
Cambridge, 1936. 
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or of the ninth and tenth nerves. Food may then regurgitate into the 
nose or be aspirated into tlie larynx. 

Cardiac Sphinclcr. —Tin' last inch or more of the oesophagus, including 
the whole of the abdominal portion, Ls sphincteric in its action. The muscle 
coat is here thicker, and prominent longitudinal ruga) of the mucous membrane 
are visible. When swallowing is not occurring, the sphincter is usually 
in a state of tone and its walls are tightly in apposition; sometimes it is 
patulous (relaxed) at rest. 

Within 5 or 6 se(;onds of swallowing, the bolus reaches the lower end 
of the (esophagus, where its progiess may be momentarily arrested by tln^ 
r(\sistatK*t* (»f the s])lnn(*ttT if it is cIos^mI. Th«‘ sphin(*t('r then rehix(‘s, but 
its lununi niav still T(*inaiti consichMably narrower than that of the rest o1 the 
o\s()])hagus, so that food trickles slowly i»ito tlie stornaelj. 

When the wliole of the meal has l)een eaten, the cardia usually clost*s. t hus 
j)n*v(‘nting tln^ regurgitation of food, gastric jui(*(\ and swallowed air, which 
would otlierwise oc(‘ur because of the positive intragastric pressure. In- 
creas(id acidity of the gastric contents is alleged to cause closure of the cardia ; 
the same effect is ])roduced by a rise of intragastric pressure. 

Lxnkkvatiox ok fKsocH.Atirs.* -The upper third of the aw>})hagus is 
lined by a striated muscle coat, the laur.r two-thirds by nou-striatnl muscle. 
The vagi su}>p]y the whole o^.sopliagus in(‘luditig the cardiac sfdiincter : the 
sympathetic }»robably acts on the spiiirnder only. Thc‘ effects of s(‘ction of 
the vagi on (eso[)hagral movements have been eandVdly studied in the dog. 
If the right vagus is cut behiw the origin of the recurrent laryngeal (which 
is alleged to supf)ly the striated upper third oH the (esophagus) and the left 
vagus is cut in the neck, the lowiu* two-thirds of tlu‘ (e.sophagus la^eoim* 
dihtfed and prristulsis rruses : the t<ufc of the card if w sphiveter is tp^ucraJly 
reduced, 'fin* food tends to accumulate' in the paraly.sed n*gi(>n ; if th(‘ animal 
is [)lac('d in the erect ])(»sition the raiscMl hydro.static. ])re.ssiire may force* seune* 
food into the stomach. ?<<»nictime*s a farther swallow bulges the* (esophagus, 
some food enters the! stomach and may be pushed bae^k again so tliat some 
of the contents impinge on tlie pJiarvnx seating up reflex vomiting. From 
time* to time tlie seemingly pa?*alyse*el (esophagus coatrue.ts ns a ivhole, vomiting 
resulting. When vagotomy is performe*(l l)(*low the level of the liilurn of the 
lungs the lower ([uarte*!- of tlie (esophagus IxH'omes paralyse'd. 

Section of the sympathe*lic in the dog eloes nof- significantly affect the 
activity of the (o.sophagus ; sphincter tone is unaffected. 

These obse.*rvalions prove* that jieristalsis along the (esophagus (Iope*n(ls 
on the integrity of the extrinsic ri(*rv(*s, the vagi (preganglionic fibres). The 
excitor neurones (corre.sj)onding to Au(»rbach's ])loxus) cannot inedia.te 
perivstalsis. The (lenervat(*d cesojihagus can however contract, presumably 
in response to local distension. The* sympathetic has no effect on (esophageal 
movements. In tlie dog the* v'agi contain both motor and inhibitory fibres to 
the cardiac sphincte^r, the* former prcidominating ; the synijiathetic control is 
unimportant. The* state! of the (X!.se)phagus after vagotomy in the dog closely 
resembles that found in human cardiospasm (p. 815). 

Reverse peristalsis may occur in the oesophagus, and is responsible in part 
for belching and acid regurgitation into the pharynx. 

If the intragastric pressure is excessively raised by rapid air-swallowing 
‘Mann et ah, Amer. J. Physiol, 1947, 149, 429. 
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{aerophagy) or by the evolution of COg from ingested NallCOa. the resistance 
nf the caniiac s|)liiricU*r may he overcome, and gas is expelled by the mouth. 

Nature of Peristalsis.—liayliss and Starling defined true peristalsis 
as a coordinated reaction in which a W(we of contraction preceded by a wave 
of relaxation passed down a hollow viscus ; the contents of the viscus as they 
are propelled along would thus always enter a segment which had actively 
relaxed and enlarged to receive them. This type of movement was thought 
to be responsible for transferring the contents of the alimentary earial from 
the (esopluigus through the stomach, small and large intestirie, and finally to 
the anus. Later work, especially by Alvarez, mak(‘s it improbable that a wave 
uf relaxat ion regularly prec(‘des the wave of contraction. Tt is nec(‘ssarv also 
to explain why th<‘ wave of contraction traveds Jiormally caiulally rather than 
tovvai'ds the mouth iji other words, why th(‘r(‘ is a sort of “ law of forward 
conduc t ion in tlie bowel. X<» sarisfactorv reason has been discovenal. though 
much is writt(‘n aliout a Jiormal forward “ gradituit *’ in the bowtd, i.c. some 
inh(*rent condition of the bowel Jieuromusculature whicdi “ din‘cts tin* 
peristaltic waves in the normal direiuion. If a j>orti()n of small intestine is 
i‘xeised, tin' two ends r(*versed and the continuity of the bowel restored by 
sutures, it acts as an obstruction because peristaltic waves cannot be* traiis- 
mitt.ed along it. Fluids may still be drawn through, but. solids (‘annot |)ass. 
with the re.sult that, a block occurs at the ])roximal junction. 

Tl,e I )assage of peristaltic waves along the a^sophagus dt*pends oji the 
continuity of the preganglionic vagal nerve supply but not on tbe integrity 
of the musch* coat (p. SOti). It is claimed that if the ocsophagyal wall is 
divichal and tin* suj)erficial nerve plexus is left intact, tin* p(‘ristaltic wave 
can still ]>ass normally ov(*r the feso]diagus. 

In th(‘ stomach and intestines, however, peristalsis can occur in thi* absence 
of extrinsic nervous intlucmces (fueganglionic vagus or pre- and postganglionic 
sympath(‘tif*) thougli it is modified by the activity of tlu^se nerves. Tlius 
gastric tone and motility are initially decreased by vagotomy in man (p. 7«S9). 
After section of the vagi and destruction of the abdominal ganglia of the 
sympathetic in animals, intestinal j)eristalsis continues normally for months. 
Normal gastric ami intestinal [leristalsis is attributed to a series of coordmateAl 
local ncrrolls rcjlcxcs (involving possibly Auerbach's jdexus) in resj)ons(* to tin* 
ch(‘mical and mechanical stimulation set uj) by the food. 

Isolated strips of intestine susjM*nd(*d in a. ])ath of warm oxygenated 
Ringer's solution carry out rhythmic movements (though these are ]U'obably 
not ichuitical with true peristalsis) : they still occur in such isolated strips 
aft(‘r they have been deprived of tlnur intrinsic nerve jdexuses. 

Movements of the Stomach.^ Akranoemka’t of Musculaturf.—T he 
part of the stomach to tlie l(.*ft of the incisura angularis is tin*, body, and that 
to the right the pyloric part. ; the ])art of the body above the level of tlie 
cardiac orifice is the fundus. The pyloric part is divided into the pyloric 
antrum or vestibule, and the pyloric canal. Functionally the first part of the 
duodenum (duodenal bulb or cap) is associated with the pyloric part. 

The stomach has an outer longitudinal and an inner circular coat; 
between the mucous membrane and the circular coat is an additional in¬ 
complete but well-developed muscular layer which runs from the oesophagus 
down either side of the lesser curvature and then spreads out in a fan-like 
^ Hunrt, Medical Eseaya and Addrtaaes, London, 1924 ; Brit. med. J 1025, i, 145. 
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manner. These ohliqiie fibres fuse finally witli the circular ; they are supposed 
to maintain the normal hmgth of the lessen* curvature. 

At the pylorus the circular fibres are thickened ; additional developmeiil. 
of radially disposed fibres of the mnscularis mucosa* throws the* mucous 
membrane into a well-marked fold (rather like the iris nf the eye). 



Fig. 532. —Average J - Shaped 
Stomach, Showing Peristaltic 
Waves and Well-FUled Duodenal 
Cap, Which has just Emptied into 
the Second Part of the Duodenum 
and Been Bcfdlcd. (Barclay, 
Digestive, Tract, Cambridge.) 

^'ote the small quantity of secretion 
collecting above the opaque food. 
0 — position of umbilicus. 



Kjo. 534.—Small Stoniacli (calletl 
inaccurately a “ Hy|)ertonie" 
Stomach). (Barclay, lligtslirv 
Tract, (.’auibrifigc.) 

The duodenum paHHon off more or less hori¬ 
zontally. ('the stomach luii»penB to .*nhow 
no signs of peristalsis.) 



Fio. 633. — Transversely Placed 
Stomach (Steerhorn Shape). 
(Barclay, Digestive Tract, Cam¬ 
bridge). 

This type is rarely seen In women, but is 
common in the short, stout man. The 
pylorus overlaps the duodenum which 
passes straight backward (to see it a 
very oblique or even lateral position of 
the patient would be neeessary). 



Fia. 535.—Long Stomach (previously 
inaccurately called Drop]>ed 
Stomach or Gastroptusis). Tone is 
perfect. Note the position of the 
lower border of the greater curva¬ 
ture in relation to the umbilicus 0. 
The pylorus is approximately in its 
normal position. (Barclay, 
tive Tract, Cambridge.) 
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Inmkkvatk)X. Stiniiiljilion oT tin* rttifi pn 
stoinnch ; coiilraciioii is (jUtaiiual \v}h*ii 
I lu‘ initial t(»n<* is low, ami rrlaxation if tli*' 
initial tonn is lii^li ; sonietinies niix(‘d (‘ITccts 
inav he s<*cn, / .//. contraction of one j)art of 
the stomach and rclaxaticm of another. In 
man tin* vaj^i exert a continuous siirnulatin*: 
inlluence on ^oistric totie and movements as 
sluAvn 1)V tin* (‘fleets of vajjrotomy (]>. 78it). 

(lASTKic The stofnach disj>lays 

postural activity or Um(\ \VIn‘ii it is empty 
its walls are tirmly in ap})osition. Wlien food 
(‘nt(‘rs the stomach, the muscle fibres are 
elo!ipit(‘d to (*ailar^(* the size ot tin* cavity 
uniformly in order to accommodate llie 
new contents, without much chaii<ie of 
internal pressure (cf. p. 768). an 

opaque meal of average composition, the 
stomach assumes varying shapes. Most 
commonly it is J-shaped (Fig. 532) ; the body 
forms a vertical tube and the pyloric part 
forms a horizontal or slightly ascending 
segment which is turned to the right. 
Sometimes the stomach is shaped like a 
sfcerhoni ; the gastric axis is more oblique, 
and the ])ylorus is almost the lowest point 
on the l<\ss( 3 r curvature (Fig. 533). Fig. 53t 
shows a small stomach, oft(*n ina(*curately 
call(*(l n “ hvp(*rtonic ' stomach. Fig. o3;) 
illustrat.(‘s a long slomach, ott<*ii inaccurately 
califMl a “ dropj)C(l ’ stomacli. 1h»th tln‘sc 
two cxtr(Mm*,s arc, within tin* rang** ol the 
normal. Variations in gastric tone aiv easily 
[)roduc(*d rcHcxly, leading 1o coiisideralde 
changes in tlie ])osition ol t he h»wer l)onler 
of tlie stomach, e.(j. by slamming a dour 
during the X-ray examination. Tin* normal 
tonic activity of the stoimieli wall not ojdy 
grips its content but also ()|)poses tin* 
intlu(‘nce of gravity ; as tilling occurs tlie 
stomach ex|)ands almost wliolly lafrraJIff. 


FnJ. Passage «)t Fliiiti -Meal into a JmiII 

Stomach, (lian lay, i)itjvslivv. Tract, Cambridge.) 


A Normal st.omaoh which contains ordinary non-opaque 
food ; tiie crescentic air-space at the top 
B A watery suspension of barium is Riven. This flows 
tiirouRh ami around the noii-opaquo food, giving a veil- 

O . The^opaqim food settles out and lies at the bottom of the 
stomach. 


26* 


luces varifilde eirects on the 








SIO MOVEMENTS OF STOMAC IT 

Foods pass tliroufrii the stomucli to tlie jiyloric aiitruiii roughly in tylio 
order in which they are swallowed : but if a heavier food succeeds a 
lighter, it sinks in the stomach contents till it finds its own level. This 
fact is well illustrated in Fig. 5*%. A watery suspension of barium is seen 
entering a stomach containing ordinary food. The heavy material sinks 
gradually and finally settles as an opaque mass in the most dependent part 
of the stomach (Fig. 53fi, C). 

Gastric Movk.mrnts .—PeristaUie ?mrc.v begin high u]) on the body of the 
stomach and follow one another about three times a minute ; they pass 
rapidly towards the pylorus which at this stage is tonically contracted. The 
waves are normally gentle and not very deep ; they resemble “ the waves of a 
quiet sea rather than breakers beating on the rocks.” There is no general 
vigorous churning-up of the food with th<» gnstric secndions ; the surbice of 
the storiiacli is merely mouldtHl. The peristaltic indentations become (h'eper 
as they approach the pylorus (s(‘e Fig. but do not pass beyond it into 

th(‘. duodeiiiiin. 

The behaviour of th<^ pyloric sphincter is variable. Five to fifteen minutes 
after the taking of food it begins to relax occasionally to jMirmit a small 
volume of chyme to escape ; generally such relaxation oc(‘urs when a wave of 
contraction involves the pyloric antrum. When the stomach has eni})tied to 
some, extent, the sphinctcT may also r(*lax between the peristaltic waves. 
Food may pass through the pylorus in the absence of gastric ])eristalti(‘ waves, 
presumably when tlu* steady pressure in the stomach exceeds that in the 
duodenum. Conv(?rsely, if the intraduodenal j)res8ure exceeds that in the 
stomach, or if anti-peristaltic waves occur in the duodenum, intestinal con¬ 
tents may regurgitate into the stomach (cf. p. 782). 

The meclianism controlling the pylorus is unknown. According to Barclay, 
if the small intestine is emptying rapidly, the pylorus opens more readily ; 
on the other hand, if the small intestine becomes ovcirloaded, the pylorus 
closes and gastric peristalsis is inhibit<^d. The presence of acid in the stomach 
or duodenum does nol r(‘gu]at<5 the activity of the ])yloric sphirufter. In 
achylia ynslrica, in which condition no free HC'I is j)resciit in the stomach, 
the organ enq)ties itself, as a ruh*. with excessive rapidity, and the j)yloric 
sphincter tends U) be patulous; but a hypermotile rapidly emptying 
stomach may also be om* which is secreting larg(‘. amounts of acid (p. 7<S7j. 

With a m(*al of gruel the stomach is usually einjdy in about 2.’, hours 
(Fig. 514). With tlie heavier and more solid hariuin meal, tJie stomach should 
be complet(*ly em]>tv witliin fi hours at tin; longest. Fat in tlie food (probably 
by releasing enterogastroiiej has an inhibitory elTect on gastric motility 
(j). 780). The infiuenei* of the, emotional state, on gastric motility is considered 
on p. 78(). 

Th(‘ fasting stomach shows rhythmic variations in tone, wliich increase 
and then diminish the pressure within the organ ; these occur at the rate of 
three a minute. At intervals a series of powerful contractions occur which 
last about 30 seconds, and are associated with the appearance of the sensation 
of hunger (hunger pains)} These changes can be demonstrated by introducing 
into the stomach, via the oesophagus, a rubber balhion coated on the inside 
with barium paste ; both grajihic and X-ray records of the stomach move¬ 
ments can thus be obtained. It is uncertain whether the sensation of hunger 
* Carlson, Hunger in Health and Disease, Chicago, 1916. Barclay, Lancet, 1922, ii, 261. 
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is naiisJMj l>y I liesr sbroiij^ ‘’astric contractions. A distinction should also be 
drawn between liuiiger and ap|)etite. 

Vomiting.'—The phenomena of vomiting are as follows : Nausea is first 
experienc(*d, tln^ s(‘(Tetion of saliva is increased, and the breathing becomes 
deep, rapid, and irn^giilar. Retching may occur, which consists of simultaneous 
incoordinated spasmodic contractions of the respiratory muscles ; the 
diaphragm, for example, descends when the expiratory muscles contract. 
The glottis (closes and remains shut till the expulsion of the vomited material 
is elfect.(*d. Tin' pyloric j),‘irt contracts lirndy, and at the same tiim* the body 
of the stomach ndaxes so that the gastric cojitiaits are forced into it; anti- 
peristalsis may sometimes take place in the stomach, but it is unimportant. 
The ilaccid stomach is compressed by the raised intra-abdominal pressure 
resulting from the simultaneous descent of the diaphragm and the contraction 
of the abdominal wall. The cardiac sphincter is inhibited and the gastric 
contents are th(^refore driven into the dilated msophagus. Some of this 
material is at once expelled from the mouth ; some is moved up and down 
the oesophagus. Towards the end of the act of vomiting, the diaphragm 
relaxes, i.e, ascends, and all the expiratory muscles and the abdominal wall 
contract. As the glottis is closed the intrapulmonary pressure becomes 
positive. The oesophagus is thus compressed ; it may also actively contract 
throughout its length or a wave of anti-peristalsis may pass over it; its 
contents are thus emptied into the mouth. The palate is raised to shut off 
the nasal cavity from the throat. 

The comph'x series of movements which occur during vomiting are 
coiitrolh'd by a grou]) of nerve cells, in close relation to the vagal nucleus, 
called the vomiting centre. In the dog it is situated just cranial to the 
calamus scriptorius. It is close to, but distinct from, the respiratory centre. 
If this centre is damaged, the injection of aporaorphine (which is a “ central ” 
emetic) no longer induces vomiting. Afferent impulses to produce vomiting 
may arise in the stomach and other parts of the gastro-intestiiial tract, 
\ estibuljir iip])ii l al us, heart, and other organs. Certain drugs and poisons make 
the centre more sensitive, so that the normal impulses which reach it are 
sufficient to cause vomiting. In partial asphyxia, and when the intracranial 
pressure is raised, the vomiting centre is stimulated. 

Movements of the Small Intestine* —In the first part of the duodenum 
the food forms a definite shadow, filling it out into a triangular cocked-hat 
shape, known to radiologists as the duodenal cap or bulb (Fig. r>;i2). The 
shadow remaijis in this jKisilion wiiile food is prcisent in the stomach ; no 
peristalsis occurs in this segment and its shape is often unchanged for long 
periods. It may empty occasionally by means of a gtiiicral contraction which, 
if the pylorus is closed, ])ushcs the food into the second part of the duo¬ 
denum. Beyond the cap very active intestinal movements take place. 
It is difficult to see radiographically in man what is going on, but beyond 
the sharp, well-defined shadow of the first part of the duodenum there is an 
ill-defined and very diffuse outline indicating that the meal has been rapidly 
broken up and hurried round the duodenal loop into the jejunum. This 
fragmentation is perhaps brought about by active contraction of the muscle 
fibres in the mucous membrane. Anti-peristalsis is occasionally observed in 
the duodenum. Beyond the duodenojejunal flexure only a cloudy opacity 
^ Hatcher, Physiol, Rev,, 1924, 4, 470. 
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is seen till the meal arrives at tlie ileo-caecal sphincter about three and a half 
hours after it be^an to leave the stomcacli. 

In animal experirneiits two kinds of intestinal movements can be recog¬ 
nized : peristalsis and segmentation,^ 

Peristalsis. —The chyme is passed along the small intestine by a series 
of frequent and very r:i])id peristaltic waves which carry it on a few inches 
at a time. Each wave lasts about a second, and is followed by a quiescent 
period of a few seconds to a few minutes. 

Segmentation. —A length of small intestine becomes divided by a 
series of constrictions into a number of small segments which are ballooned at 
the centre. Eacli segment is then divided in its middle (i.c. at tJie point of 
niaxiiuuni distension), and the previous constrictions disap|)ear. This ])rocess 
occurs about six times a minute. Segmentation causes no forward movement 
of the iiit(‘stinal contents ; it helps to mix tlie chyme with the int(‘stinal juices, 
and so aids digtjstion ; by bringing the chyme into intimate contact with the 
villi it aids absorption. It helps to squeeze blood and lymph out of the 
bowel, and so aids their return to the thorax. [For movements of villi, see 
p. 865.] 

The vagi end in Auerbach’s plexus, which lies between the circular and 
longitudinal muscle coats (Fig. 447). Stimulation of the vagi increases the 
tone of the intestine and renders the movements more active (after an initial 
temporary inhibition). Stimulation of the sympathetic diminishes tone and 
arrests the peristaltic movements. 

The intestinal movements may be influenced by the ductless glands ; thus 
diarrhcsa is a common symptom of exophthalmic goitre, and constipation of 
myxoedema. 

Ileo-Caecal Sphincter [Valvula coli]. —This consists of the fusion of the 
circular and longitudinal fibres at the end of the ileum and in the adjoining 
caecum ; in addition, some indejHjndent specialized circular fibres are de¬ 
veloped at the apex. On inspection in cases of ca‘cal fistula the sphincter 
apfjcars as a .smooth .scarlet elliptical or hemispherical paj)illa about 1-8 cm. 
in diameter, which projects 1 crn. above the fiink folded mucosa of the csecum. 
The orifice, is normally closed, and forms a dimj»h* in the centre of the papilla. 
Each time a peristaltic w'avt‘ passes over the tmaninal f)art of the ileum, the 
s[diinct(‘r relaxes, al)out 2 c.c. of fluid ficircs mixed witli a little gas escape, 
and t hen the sphincter closes again.- 

In man, the main function of the .sj)hincter is to prevent the contents of 
the ileum from passing too rajudly into the carum ; thus an oj)a(jUe meal 
may be vi.sil)le in the terminal ileum for about one hour before any aj)])r(‘ciable 
ijuantity enUus the ca-ciim. This delay promot(‘s more comj)lete dig(*stion 
and ab.sor[)tion of the intestinal conttmts ; as a result the chyme wdiich enters 
the ca.'cum contains very little nutrient material. 

Peristaltic waves over the terminal ileum are geruTally infrequent, but 
when food enters the stomach a gastro-ikal rejlex is set up, w'hich produces 
active peristalsis at tin* extreim^ end of the ileum ; the chyme rapidly passes 

^ If the abdomen of an animal is opened in a bath of warm saline, swaying or pendulum 
raovernentH of the intestine (.‘an also be seen. 

- In animats, section of the .syinfpathetic causes permanent relaxation of the sphincter, 
and the contents of large and small intestine intermingle freely. Stimulation of the vagus 
is said to have no C5lfect on the sphincter. 
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into the caecum. In man, anti-peristalsis in tli(‘. as(*(‘n(]in^r (iolon is 
feobh', and so tlu^re. is litthi tendency lor laiC(5S to rcf^ursLOtate into the 
ileum. The sj>hinctcr, however, is not eajiable of resistinu eonsiderabh; 
pressures. When a barium enema is administ(u-ed at a pressure of IS inches 
Il.jO, or when })owerful retrograde movements occur in the large l)owel 
because of some mechanical obstruction, regurgitation into tin' ileum takes 
place. 

Movements of Large Intestine.— As stated, the chyme reaches the 
terminal ileum hours after a meal, and is held up then^ for about L hour. 
The barium shadow can be first 
seen in the various parts of the 
large intestine the following 
number of hours (on an average) 
after a m(*al : (-a'Ciim, after 41 
hours : liepalic flexure, ti hours ; 
s|»lenic tlexnre, H Inuirs ; descend¬ 
ing colon, 11 hours: iliac colon, 

12 hours: |)elvic cedon, 18 hours 
(Fig. .TJ7). 

Tln‘ ca'cum and ascending 
eolon are almost entirely ]tassin\ 
and fill solely as a result of 
activity in tin' ileum, which 
(K'curs mainly during and immedi¬ 
ately after iiM'als. As a rule, the 
eonti'iits of these parts of tlie 
large bowel app(‘ar immolule. 
but the lumen is indenti'd by 
well-mark(‘d folds {hansfratioHs) of 
tli(‘ int(*stinal wall : w(‘ak peri¬ 
staltic movements may oeeiir. 

In animals retrograde waves __ 

[a/fh -p(‘ns/fffsfs) oe(*ni peliodh .]II\ —Normal Kadiogni])h of Large Intea- 

whieli lorce tin' cont(*nts of the tine Particularly Well Filled from Fiid to Fuel, 
proximal colon towards the (Barclay,/>i(7<?5Vo>c 7Vr/c/, Cambridg^^^^ 
ea'CUm : such movements have " indicates tlu* positiun ol the umbillrus. 

occasionally been detected in man 

arising near tin* li(‘,patic tlexnre, ])u( they are both rare and ft'cbh*. 

Khvthmie. variations of tone «)ecur from time to time over all j)arts of 
the large intestine. They do not propel the contents onwanls. but s(*rve to 
mix t hem and aid absorption of water. 

The colonic moveincnls are more sluggish by night than by day. 

Mass Peristalsis. —After each meal a gastro^cohe reflex is setup. A 
brief, powerful peristalsis occurs in the colon, which constricts down, and its 
contents are driven vigorously onwards. By mea-ns of large forward move¬ 
ments of this type, the fa^cc*/reach the splenic flexure, then the (lescending 
colon, and finallv the pelvic colon, where, they accumulate, Iho ta?ces do not 
normally pass beyond the pelvi-rectal flexure—f.c. the point where the 
movable pelvic colon joins the fixed rectum at an acute angle. ^ It is uncertain 
whether a definite sphincter exists here, but ’ ' i- - 
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circular muscle fibres is (ies<*Tibeil, ami uarrovviii^ of the Immui is presc'iil al 
this point in 8()9i, of bodies. TIh' nonnal rectum is eni])ty, exc(‘pi i»mricdialely 
before dc'ffecation. 

About 350 g. of fluid clivme passes through tlie ileo-cjecal sphincter daily 
(as observed in eases of cjecal fistula). Tin* average weight (jf the moist fa*ces 
is 135 g. Most of the absorption of water occurs in the caeiim and ascejidiiig 
colon, the contents of which are (piit(‘ soft ; little absorption o(*cnrs in the 
transverse or descending colon. The normal eonsistenc'y of th(' fa‘ces is due to 
further absorption of water wlii{‘h oe.<airs in tlu‘ pelvic cokni. 

Defaecation.- The act of defaration is very much a matter of habit or 
couditioning as reganls time of day. relation to meals, and the fre(jvienc.y of 
occurrence. Some people d(‘fieea1e befon* breakbist. others after; some on 
getting to work })ecaiise they had to leavt* home hurriedly ; some in tlui (^vetc 
ing when they can att(*iid to their needs at leisure : sonn* several lim(‘s a day, 
others once in several days. A person may refrain from deheeating because 
he feels shy in a strange house or because the act. is painful owing to the 
presence of, c.//. an atuil fissure. .Ami there are tin* peoph‘ who are anxious 
to deftecate wdieuever jiossible because they think it is good for them. V\ Inm- 
ever the time, the place, and the a])f)ropriate stimnlu^ an* all togtUlnn-. a 
wave of peristalsis is refiexly set up which rea(‘hes the distal part of tin* large 
intestine. The obstruction which is presented by the p(*lvi-reclal fh^xure 
is overrome, the sphincter j>resumabiy relaxes, and the fa'ces enter the rectum. 
Distension of the rectum by the sudclen ernry of fice.e.s gj\ (‘s rise to a. prrufcal 
sensation, and tli<^ d(\sirc to deffceate. If this desin^ is acc(*d(*d to, a. co 
ordinated reflex results which emf)ties not only the r(»etuin, luit every }»art 
of the bow’cl between the middle of the transviu'se <-oloi) and tin* anus. The 
diaphragm d(\scends, the glottis is c]os(*d. arnJ tin* abdominal musel«*s and 
levator ani contract. Waves of peristalsis pass ovf*r tin* distal part of tin; 
colon ; the sjihincter ani is relaxed and the. f;ee<*s are evacuated through tin* 
narrow anal canal. 

The ,sympathetic inhibits the whole t»f the large intestine ami closes the 
sphincter ani. The parafiympathetic innervation is nn)tor and relaxes tlie 
sphincter ani. Tin* vagus su}»]dies the proximal colon or ca*cum, the sacral 
autonomic su|)plies the. <listal colon and rectntn.* 

Fu.NTTTO.vs OF THR Lakge Jxtrsttvr, -The latge intestine m-refes 
mucus w'hicli iacilitat(*.s the easy })assage of the, bnees. ft jjasses on the 
unabsorbed lYaction of ingested iron, calcium, and f)hosphatc (})]'). ‘2<KS, 
Ahsorption of wat(‘r. salt, and gIiir<Kse occur irj the large intestine. 

The Faeces. - The. freces are derived 7)artly from tlie. ingested food, l)nt 
mainly from the intestinal secretions. The ffece.s in starving animals vue 
decreased in bulk but differ romparatively little in c.omposition from tho.se 
of normally fed rinimals. If vegetabies and coarsely ground c(*n‘a.ls arc 
exclud(‘d from the diet, the ffcces have a fairly constant c.oiriposit.i<m, /,e. 
water, 05% ; solid material, 35% (weight of dried faices is about 30 50 g.) 
made up approximately as follows: ash, 15%; ether-soluble substances, 
15% ; nitrogen, 5');,. 

The ash consists mainly of compound of calcium, })hospJiate, iron, and 

^ The motility of the large intestine, its vascularity and the rate ol niueus secretion 
arc rea<Iily modified by the emotional .stiitt* (atH^ (owe. W olf, and W^ilff, Tht /lunian 
Colorit X.Y., 1951. 
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iiia^rHvsium. Tho ethcronl <*xtTart consists of futtv acids, ncMitral fat, a little 
iecitliin, traces of (diolic acid, its d<^coniposition product dyslysin, and 
coprosterol, (derived from cholesterol). The fjeces contain inanv 
f'jnlhehnl cells and bacteria, most of which are dead. On a fat intake of 100 
daily not more than 5- 7 pj. are normally lost in the faces ; on a protein intake 
of ]()() g. the fa'cal N content should not exceed 1-5 g. (cori'esponding to 10 g. 
of protein). 

Ingested cellulose passes out unchanged, and substances which are 
enclosed in a cellulose wall escape digestion and absorption. The increased 
bulk of this undigested residue stimulates intestinal p(‘ristalsis. Tfie passage 
of the food through the bowel is therefore <juickened, and tlie digestive 
terments have insutheient time to ex(‘rt their full action (see Table, infra) : 


; I Percentage : 

Diet. i Moist Faeee.**. i Dried Faeces, j of Ingested | Nitrogen Lost. 

! I Frmfl. 


I 


1 

i 

i g* 

i Food. 

P- 

Bread from tine Hour 

133 

25 

i 

4-U 

21 

Bread from coarse flour ; 

252 

41 

6*6 

3-2 

Brown bread . , 

317 

i 70 

; 120 I 

38 


As the cellulose content of the food is increased by coarser milling of the 
flour, the bulk of tin* faeces is increased. They contain more water and solids : 
more of the ingested food is undig(‘sted and more food nitrogen is lost to the 
body. 

Tlie alt(»rati()ns in the composition of fa'ces in pancreatic disease and 
biliary obstruction are <lcscribed on [)p. 7hl, 798. 


DISORDEliS OF MOVEMENTS OF AJJMENTARY CANAL 

(UuDiosPASM. In this condition ingested food is held u]) at tin* lower 
end of the a\sof)hagus owing to the presence there of a “ block of uiKhder- 
mined character. Above the “ block '' the cesoj)hagiJs lH‘comes distcndiMl 
(P'ig. 538) and its niuscic coat hy|)crtrophics. When the contcnits of tin* 
(esof)hagus form a column 8 inches high, the “ block ” is ov(*rcomc, and any 
excess food or drink above this height enters the stomach. 

The '* block ” has been attributed to spasm oi' the cardiac* sphincter 
{cardicspasm), but in fact sphincter tone is not exc(*ssive. Alternatively it 
lias b<*i*n suggested that the c*ardiac sphincter forms an obstruction because* 
it fails to relax normally (achalasia) during swallowing. The anatomical 
lesion in cardiospasm is said to be local degcn(*ratiori ol Auerbach s jilcxus. 
Such a. lesion would produce cardiospasm only if the vagi wen* inliihitory to 
tin* s})hinct(*r, which is probably not the case. The passage*, of peristaltic 
waves over the* ensophagus depends on the integrity of the vagi. Vagal 
denervation of the lower e*nd of the ejesojdiagus would prevc'Ut tlie passage 
of the peristaltic wave and so set up a non-conduc'-tiug area which would 
constitute a functional “ block." Uisophageal jiaralysis of this type is 
produced in dogs by ajipropriate vagal section (p. 806) (cf. llirs(*hsprung\‘^ 
disease (p. Slti). 
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(Iastijic MoTfLiTV i\ Diskask.- Stiimiljitinii »>r jiny alVen'iil visc(‘nil 
nerve nu*n‘iises the coiiLrin'tioii ol’ tbe pyUu-us and prevents its proper relaxa¬ 
tion. A (lasfric nhrr situated near tin* pylorus, disease of the gall-hhddrr, arid 
chronic appn>dicitii< may ail act in the same way, and reflexly via tlie sym¬ 
pathetic n(‘rves prevent pyloric relaxation and d(‘lay the emptying of the 
stoma(;li. The nuiseulature of the stoina(*h in cases of duodenal ulc(‘r is 
generallv orcrartlrr so that initially the organ tends to em])ty itself rapidly. 

Hypertrophic pyloric stetiosis is a condition which occurs in young infants, 
usually boys, in whom for Lsome unknown reason the pyloric sphincter is in 
a stale of jM*rsi>i.ent spa'^in. 'I’lnN overaetivity h‘ads to liypertroj)hy ot th(‘ 

sj)hincter. Compensatory hyper- 
^ trophy of the stomach wall 
develops in order to overcome the 
obstacle. The passage of the peri¬ 
staltic waves over the stomach may 
be visible through the abdominal 
wall. 

ItiKAL S'l'ASlS. |{(‘tl(‘X spasm nf 
th«‘ ih‘o-<M)]ic sphincter may be set 
up ly an inflamed appeiidi.x and 
thus cause ilelayed tmiptving <»r the 
ileum. 

HiHSCHSCIUWC S DiSKASK.^ Ill 
this ctmdition. which afTeeis young 
p; chihlren. there is iIegen(*ration nf 

; the (‘ells of Auerbach’s plexus in the 

; 1 n'gion of th(‘ jK‘lvi rect.al junction : 

; sometimes a great**!’ leiigt li of colon 

may Im* involv(‘d. It is supposed that 
the (h‘n(‘rvat(‘d rcgiori fails to trans¬ 
mit the p(‘ristallic wav(‘ and so 
constitutes a functional ‘’block ’ 
^ (cf. j). Sib). The colo!i above* the 
I-'IC. bits. AKsoj.liaLMis ill CanlinsiKi.^m. - block ” (/.c. tlu' noil-COnduct illg 

ilinnhw. 'J'larf, • v i 4.1 r * J I 

• ■ region) heeomes greatlv distmided. 

..s ’I'),,.,.,, ClllStjj.atioll. Jir.-ill 

Blwnvn radiofjrajihiciillv alter Jill ojtaqiH* meal. ■ 1 i- • 1 ^ 

abdftmmal distension, and attacks <»l 
conjph*t(‘ intestinal ob.^truction mav occur. Kxcision of tin* aflect(M| 



conjph*t(‘ intestinal ob.^truction mav occur. Kxcision of tin* aflect(M| 
segment oj' 1 hi* colon has viehied satisfa(‘tory results. 

Constipation."--Two main varieties are recognized: 

(1) Colic ConMi.paiion,—ThG passage of the faeces through some part of 
the colon is d(*daycd, but the act of defaecation is normal, 

(2) Dymhezia- In this condition the fieces arrive normally at the pelvic 
colon, but tln'ir final evacuation is not adeijuati'ly p(‘rformed. If the call 
to d(*fa‘Cation is neglected, the recdal wall r<*laxc.s and the desire passes off. 
Tin* rectum becomes in time excessively distended (Fig. tin* c<.ujtractility 
of its walls is im|)aired, and evacuation becomes difficult even when a great 
(*lfort is ma(h*. Froyntetitury d(*fa*cation may taki* place, i.e. small amounts 

• I'l id., Lnncf t, !U4tI, i, U. 

- Hurst, Constipation and AUird Intestinal IH$orders, London, 2nd edn,. 1919. 


HKSIILTS OK COXSTIFATIOX SIT 

;n‘(‘ |)ass(M|. but iiiucli faros an* loft holiind in tin* rrtnm to oontiiuio (listfuid 
in*/ it. 

Results of Constipation.' It i< still uuoortaiii liow tlio syinj»toMis of 
(lotistipation aro prodiiofai. A otico pojujlar tlioorv was that of iufrsimal 
anto-'nitoj'icalioii^ i.r, that (»ois«ins a?-o <*laljoratod ifi tho dioostiva* tra(’t as a 
result of eoiislipalion, and an*. al>sorl>e<l ihrotijrh the imicous uiondu-ano and 
injure tho individual, t'ritieal examination of the evidcuiee lends lilth* 
support to this view. Probably most of the. symptoms of (‘onstipation are 
produeod mn-l/aHirnllf/. Kx)Huiments wore performed on lu'althy nion who 
normally oniptio<I thoir bowols once or twio«' rlailv. Thoy ale an ordinary 
liboral diet and withhold from dofa'oation for '.H) hours. Haeli subjeol 
dovadoped the symptoms whieli aro rojiardod as eliaraetoristie <»f “aiilo- 
intoxieatioii,'' l.r. foid bioath, 
furiaal toiiLOio. impairod appotito. 

Ilatulen(a‘, nausea, h».ss of power 
of att(‘ntion, dejirossion, rosl- 
!essm‘ss, lit‘adaeh(‘, insomnia, 
and irritability. A barium meal 
showed that t ho ilojini was empty 
aJid that ail the food nMiiiiants 
had aeeumtdat(Ml in the eolon. 

There was little increase in the 
urinary indiean excretion. An 
enema, was then administered 
atid the bow<*l (‘vaeuated ; the 
distre.^.s was promptly relie\(*d, 
and in ati liour «)r two the sub 
jeets felt ipiitr normal a^^•uIl. 

The symj)toms eomjtlained of 
could obviously not have boon 
due to toxi(! absorjitioji; had 
’* toxaunia. Ikmmi the cause, a lousier time, would have* had to ela.ps«* after 
e\’a('uat ion of the bowel befon* the c<»ncentration of toxin in the body coiihl 
fall sullieieutly to |)roduce relief. As Alvarez points out.. ’ a drunketi man is 
not immediately .solau'ed when his whisky bottle is taken Ironi him. The 
svniptoms of constipation are lartrely dm* tt» the (listenstan and nnrhantral 
irritalian of the nrtntn. Masses of cotton wool packed into the rectum produce 
identical etfects. 

Jt must be remembered that the rectum is very sensitive. A rise ol 
internal pressure of 2 d mm. Hg is perceptible, and a rise of 20 t>() mm. 
I[^ causes much distnvss. .Vlferent impulses from the bowel, as is well known, 
(jan easily iiiHuence the emotions and the mental processes— e.g. the occur¬ 
rence of sleepiness after a meal, or of irritability and lack of concentration 
when hunj^ry. A patient with a jejunal fistula always went to sleej) il the 
intestine was made to contract actively by the introduction of a small 
balloon. 

The type of patient who is the subject of so-called “ auto-iutoxica tiou ’ is 
usually keeidy aware of what go(^s on in bis body and responds strongly to 
visceral stimuli. Patients of a stolid type may go for weeks or months without 
' Alv«rr«. Physiol. Iter., 1924, 4 . 3ri2. 



Kic. l)i.steii(l<*<i instill .\nipnlla 

Kadiojiraphioally in ii case of Dysoliezia. 
(Hnreiay, Digestive Trad, Camljridge.) 
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STlllXTl'RE OF I.IVKR 


jiassilig a motion and be able to eat well and do a. I'ood day's work. A ca.so 
is recorded of a man who went from June 18, 1900, to June 21,1901, without 
a motion. Towards the end of that time 1 h? belelu'd a "ood deal and sulTered 
from some pain ; the abdomen was distendt'd : he bdt weak and lost some 
weight. After the colon had been cleaned out (a none-too simple procedure 
in this patient) he recovered rapidly.^ 


THK LIVKir- 

Structure of the Liver. Tin* liver consists oj’ lobes which ai(‘ siil» 
divided into lobuh's. Idie lobule is nuuh* up of ra!nir\'inL; c«)lumns oJ’ fir/Ktltc 
cells (Fig. 0 12); (he (‘ell outlines an* often indistinct so that tiu* columns 
form a syncytium. Tin* portal vein, hepatic art(‘ry. and bile ducts, suiToun(h‘(l 
liy a connective tissue capsuh* <‘nt<*r tin* li\(‘r and b?-anch r(*pe:d.:(‘dl\’ in the 
substance of the organ(Fig. oltt). The portal V(‘in dividtvs into branch(‘s, the 



t lo. .140. - -1 lia^rain sluiwiiiif Na^Milai- in 

Ja\cr L«il»ulc. 

rorlul r< in lirain’ln-.s urr >liiavij M;ick ; /’, biii' Ij : ]//>, 

laaiii'lirs; It., ////*/Icihij'ijir vi*iu> 'iirioiiDdini! 

lol.mlcs. 

Hrpufir rrin hrjuirhf- aro sliown liafch>'<l ; .I’ulral 
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larurr liraiifhr.^ t:amin>: MtHul awav Iniia I hi- liM r. 

W/iiff' or-’ft. A. A. livrr Fil.nlrs |.r'nrirarif| l.v va^-fiilat 
f.'ijiillarii'S. 


interlohuJar veins, which surround tie* lobules.; from these vcss<‘ls blood 
passes b(d.W(;en the liv(*r c(*lls in i'u-scuhfr captllntics to reach the centr(‘ of the 
lobule where it ditiijis into the udmlohulur braiielies of the liejiatic V(*in. 
The hej^aiic art(‘.ry likewise divides into bran(die..s wliich ace(>mpanv lliose of 
tlie portal vein between tin* lobules ; ultimately the h(‘pati(' arlorv blood als(» 

I he foIJo\\ing anecdote Herves a.s a useful eontrast to the for(‘m)iug ease and sliows 
the wide range ot variation in normal people with respect to tluar alimoiitarv liahits. 
A Iriond complimented a scholar on his healthy a])pearance, saying ; “ Vonr fare is like 
that of pig rearers and usurers.” The scholar n^plied : “ On rnv faith, both oceupations 
are torbidden me; but there are twenty-four privies from hiv lodging-place to the 
house (Df study, and whenever I go there 1 test myself in all of them.” 

* Jlirnsworth, Lecturefi on (he Lirermul iU JUsfams, 2nd edn., Oxford, iur.n. Lichtrmm, 
btseasefi of the Livrr, fJallhladdrr ruui liilv (iiirtfi, 2rid cdn., Lniidnn, 

Daniel and Prichard, J. lur»l, ///, r»21. 
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tutors tlio vasrulMr cjqnlljirics. wIumv it inixas with tlic hhxxl From tin* [kh’I-mI 
vt‘in. 'riio viisciiliir cupillnTios hji\<‘ no spocilic ondotliclial lining l)ut raniiFv 
l)ot\V(*(‘ii tlio h(*])ati(’ rolls which constitute thoir walls (Ki^s. oil, 512). The 
intimate contact li(*tw(*on the blood and the liver cells is well demoiist rated 
by injection (‘.xj)erini(‘iils ; the injection mat(*rial often funud/ratos irenn t he 
vascular capillaries into t he interior of the liv(‘r cells. This is an ideal arraiitfc- 
meiit, as the liver has to translV>rm, or tnoilifv, many of the (a)ustituent.s of 
th(‘ blood. .41 inttu’vals alon^ the vasenlar capillaries are tlie fifrliafr reIJs of 
Kupfjci' (Fiji. 512) which are part- of the nmcroiflniffr oi- reticnln-eiidol helial 

v.c. 



V.C. B.C. 

I'H.. .‘> 41 . Arianu’ciiM ut of X asnilsir aial Hile ( apillaries in lln- Li\( i. 

(,St liair« r, Lf hrUuch drr Itififijloyie.) 

rapilhirivs Uhin d.irk 

\ .( . vasnilar (■a|.iJlarir?' lainl. j rhaiiiirb). 

X. TiiifJf'i ot Ijrpati*'(*••11';. 

Drawn Irom a sinrimni in \i-ssHs arnl Ww bile paS'.Mi'p- 

b:ni b«M‘M injn-tt'd. 'I'bf ti- i-ror/.s are i/iiitf i/inthirf antt scptirafr. 

svsleni (j). 1S7). 'fhey varv in iiundaM' in <iilferenl species; in man there 
are few. 

Bile is foniHMl in tiny vacuoles in the iTiterior of the hepatic cells and is 
dischariicd tlimneh fine'canalicnli into the bile nijolbniv.'^ (Fi.u. ntl, B.('.). 
These (like the vasenlar capillaries) have no specific endotluliiim, hnt ramify 
between, aiul an* lined bv, the liv(‘r cells, hi.u. nil shows how then* is always 
hepatic coll tissue bctAveeii the tine bile e.aj)illaries and the much wider 
vascular caiulhiries, so that iiormallv the blood and the bile are kept apart 
and never mb:. Tin* hcpat.n-. cells ai(* well placed to transfer materia s rom the 
blood into the bih*. At the ]a‘rij»hery of the lobule the hepatic cells becomes 
continuous with, and 1 ransform«Ml into, the cubical cells lining the bih: ( 

STiiMAMiaNK Flow ix tmk Ihun'AL Vkix. The portal vein is lormcd 
bv the union of the spleni*' and superior mesenteric veins ; it can he shown 
l»y ini«*eting Indian ink into lliese veins, that the two entering currents oi 
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Sl>() 


Mood MMiiain i'airly distinct in tin* iMirtal V(*ui ; the splnnr blood thus pusses 
niainly in tin' l<j) lobes and the intrsflnal blood mainly to th(‘ riqlit lobes of 
the li\er, d’lit‘ rii*ht lobes eons<‘(juently ri'eeive dinrtlff a. lar^HM* shun' ol' the 
absorb(*d fdndstiifTs. The blood How through tin* liver in man ha,s be(‘n 
estimated to be about I d L }M*r minuted 

Oo Supply of the Liver. The Oo .'iaturation of the blood in the 
hepatic artery is at the usual arterial level (T nr)‘\, ; in tin* p«»rt.al vein (eat) 
it is about (/.c. low(‘r than the restinji murd venous blood l(‘Vel) ; in 

the blood h'aviiiL^ the iiv<*r in tin* hepatic v(‘in it is onlv *20“,,. The Oo 



EIc 


Fn;. S('r ti<ia of Li ver sljowing Hopat if <'oils. Sinusoids, and Mnrro- 

pha^t's. (Maxitaow and |{|ooiii, W.r/ lirtol: nf \\\ 

,S;mnd(rri.) 

LiviM- tjf liibhit iiijff-tfd intravenously with Jiuliau ink, which i.s taken up by flu- uiacro- 
phaees. Lc, liver cell; Krr., eryftiro-'ytr in luinnii nf sinusoid; /iVr., co.sinophil 
It ucocyfc; a, h, c, d, iriaeropliaKes (stellate cells of Kiifdler) in varioils Ht.niH‘n of 
activity r, d, macro]diaKcs laden with Iruliaii ink. 


tension in the vascular ea|)illarit*s at tin* rcttlrr of 1 lie l(»l)iile is thus hnirJt Umrr 
tlian in restinj^ tissues elsewhere. The portal vein briiijnrs far rnon* Itlood to 
tin* liv-er tlian the ln*])atie. artery ; in the eat the ratio is 1 : 1. The ratio of 
Do supplied to tin* liver cells by tin* ]K>rtal vi*in and hepatic art(*ry (in tin* 
eat) is d : (8 e.e. of Oo in all |)er KM) e.c. of hepatic blood How). 

As tlui centre of the lobuh* (rmlralohular 

cells) is only juftt adequate^ any condition wliieh reduces it (or (ialls for an 
in(;re.ase in tin* supplyj is liable to cause gn^at damagi* to tln;se cells. 

' Brariley d nl.^ J. r.lin. InvfiAlig., 1945, ;?V, S9(). 





MKl'ATIC ANOXIA 
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( Ai SEs <)K Mej’atu- anoxia.--(‘(‘ iitralohnlfir (lfini;io(‘ oy mimtosIs ri‘siilt.in<jr 
IVoiM jui iiuidiMjnato O.^ .supply l.o tho livor may occur iti Mic rollovvinrr 
roiidit ions ; 

(i) Uimhnshvd blond JIoh' tijo liviu*, cjf. (a) wluui the eanliuc 

output is (l(*erea,.se(l (in “ shocic," Imunorrlia^^e, heart fiiiliire) ; or {b) in 
jiartial obstruetioii of the portal vein or of the lu'patie artery. 

(ii) Ib’eathiii”; air c'oiitaiuin^ at a Imveml fcnslnn (r. 7 . at hi”!! allitu(h's). 

(iii) Whim the na^labohsui ol the, liv(‘r i.s rafSf/d^ rjf. in hv]>erthvroiflisrn ; 
the Oo needs of the liver are increased and the pn‘vioiisly adiMjuate <)., 
Ijeconu's insutfieitmt. H<‘patie iu.suHieiency is freipjentlv Idund in hvper- 
thyroidism (p. 



Kki. 54.3.— Uiagnnii of Liver iStruetiire. (IVIoclified from .Merkci 
and .Jordan.) 

Four adjacent liver cells are shown. 

V.C. — vascular capillary. IJ.C.—bile capillary. Nuc. -^uucleas of liver cell. 

K.«>Kuptfcr cell. V. —bile vacuole In liver cell. 

1.V.C.-^appearance of injected vascular capillary, showing how injection material 
penetrates lut^ the substance of the liver cell. 

Note how both the vascular and the bile capillaries are surrounded by liver cells. 

(iv) When tho liver colls become siroUcn ; as a. result the vascular capil¬ 
laries are coinpn^ssed and obstructed so tliat th(‘ lilood supfdy of tln^ eentra- 
lobular cells is reduced. Swelling ((edema) of the hepatic c(‘lls is a ivgular 
initial (dfect of any injury to the liver; this e.xjdains why jioisons absorbed 
from the intestine produce lesions which are usually mo.st mark(*d not at the 
periphery but in the venire of the lobule, in s])ite of the fact that tlu' ])(Tiphe7*al 
cells na'civi* the higluxst eoiicentratioii of the })oison via the portal radicles. 
Swelling of the hepatic cells associated with ccntralobiilar necrosis also occurs 
wlieii ( he cells become extensively laden with /r// (so-called /h//// liver or faitij 
in fill rat ion, j). SI >7). 

I^Looi) Stohai^e in the Liveu. - The calibn* of the hepatic vascular 
capillaries may vary considc^rably during Ide; the caj)illaries tliiLS .serve as a 
storage area for lilood which can be discharged when necessary into the 
general circulation (of. spleen, p. 220). 



rOHTAI. OHSTUrCTIOX 

Portal Obstruction. This may omir in a \aii<*ty of circmnslaiK'es ; 

(i) (a) hkjaUire, oj one branch oi' the portal vein produces atropliy in the 
corresjHmding isclneinic area of the liver; the h(*paric cells almost coni])letely 
tlisa})pear, but the bile ducts, blood A^essels, Ku|>rfer cells, and connective 
tissue are more resistant, and survive. Tlie uiiallected lobes (which are still 
normally vas(‘ularized) undergo (^omjamsatory hypertro])hy, up to live tinu's 
their original weight. 

(b) Ligature of the ?na/n portal vein in animals produces marked atrofdiy 
of the liver ; if part of tlje liver is then excised ncf m/cnciutinn of the remain fUff 
tissue lakes place (p. 

(c) (Icclusion or nan’owing oi‘t he main porial \ (»r ol’one of its branclu's 

may also occur clinically. 

(ii) Obstriu’tit)!! to th(‘ portal How is a common initial result ol' serious 
!iej)atic injury (hepatitis) owing to (edema of tin* c('lls.. Later when ln'patic 
cells die they are re})laced by librous tissue which contracts down and 
obliterates the contained blood vessels ; the more extensive th(‘ librosed area, 
the more severe is the resulting interference with th(‘ jandal vimous How. 

Cmnh^\l Rksl’lts of Portal ()nsTHr(T[ON fiuj.m any (’ai sk. Tin* 
main results are as follows : 

(i) There is a rise of portal rein pressure ; direct nn^asurements at opiU'ation 

in normal man give valu(‘s of 15-22 cm. (compaical with o 12 cm. 

HoO in the ajikle veins) ; in liepatic Hbrosis (so-called (drrhosis of lli(‘ liver), 
tlie portal venous pressure may be as high as H) cm. Ilot.b 

(ii) .Lsr//c.s* (an abnormal accumulation of Huid in the p(‘riton(‘al cavity) 
d(‘\’eloj)s. The factors which contribuL* to the production of ascites an* as 
follows : 

((i) Owing to the raised pressure i]i the portal vein there is a corre- 
s[)Oiiding rise of capillari/ blood pressure h) the alxlominal visc(*ra h'ading to an 
exc(‘s.^iv(‘ ontilow of Huid into tin* fM*rit(Mn‘al cavity (p. IS). 

(b) In many patients with portal obstruction tin* jie])atic cells are also 
damaged leading to a fall of serum albumin concciitration ; this further 
facilitat(‘s the es(!a,p(* of Huid from tlie capillaries. The jirottvin content of the 
ascitic Huid varies wichdy, e.<j. from (M to ; this finding indicat(‘s that, 

the permeabilitij of the capillary wall to protein may la* increas(*d to a variable 
degree. 

Ascites may d(‘V(»lop in cases with disease of t he liver parenchvma (‘ven 
without mucii rise of portal ju’(*.ssure if the plasma protein conctmtration is 
markedly reduc(.*d, c./y. to about half normal. Fig. 541 shows that the greater 
the fall in serum albumin the nnjre likely is ascitc's to devadop. lilood 
transfushjii may cause removal of the ascitic Huid pn‘sumably b(M*.ause. it 
rais(‘s the plasma protdn levtd. 

(e) For some unknown reason as(!it(‘s may be induced by a diet rich in 
'meat ; the fluid is absorbed when m(*at is (*xclud(*d from tin* dif*t. The 
noxious agent in meat is not its protein content, because jirotdn-free meat- 
extracts are even more efle(;tive in producing ascites than is an e(juivalent 
amount of whoh* meat. 

(d) In some cases of ascites an antidhiretie aqent is present in the urine ; 
this finding is interpreted as indicating that the pituitary antidiuretic hormone 
is present in the blood in excessive amounts, probably because the damaged 
liver cannot inactivate it in the normal way. As a result there is excessive 
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Tvalisorption nf waUM* l»y t lic ki(liu*\' leading to aw increase' in the* vuliinn* (d 
the laaly ilnids ; inucli <»!“ this iluid accuiriulatcs in the jx-ritoin^a.l cavit\- 
l)C(^aiisc of tli<‘ ahiionnalil ics <h‘scrilM*(i in (a) and (h) above'. 

(f) In some' patif'iits witli e-lire)inc lie'patitis (ciiTlK)sis of the*, liver) tlm 
asedtie' fluid accnmulafe-s ve'iy rapidly aj)e| may have' to be' withdrawn from 
the pe‘rite)j)e*aI e*a\ity e*\e‘ry fe'w we'i'ks. .\?i impe>rtant e*e>ntril»utorv factor is 
the failure' ed’ the* kidricy (o e*xcre*te* Xa ? ions ; Xa ' is re'laim'd, le'adiug seeauiei- 
arily te) wate‘r jvte'ut iem.* On a libe'ral salt intake' the* amount, of Xa ' ('xe*re'te'el 
in the urine may be le'ss than 1 m.Kep ((Hr2:3 g.) daily. If the* Na ^ intake* is 
elrastieally re'eluce'el the* as.e*ite*s te*nels to e*h'ar up. It is sugge*ste*d that there is 
lif/ffcrsrrnfinii of fidrriKil torficoit/s which e*,ausc an e'xe'e.'ssive* ele'gre'e* of 
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Fio. r»U. Ite •l.'tlioii of Sermu AILufiiin ( onccatration to 
Ascites in t'irrliosi'^ of l,i\<*i* (('hrnnic Hepatitis). (}*ost 
ami I'alilv, Arrh^ ml. .1/^//,, l!)42. liH'). 

Notf tli'U (lie iiMiia \aliit r»>r mtuih aDtuiMiri iti cast's with a.'«citps was 
- IJ",,, :ui«l ill ^ witlioijl ascites :e7“„. 


reabsenptioii e)f Xa’ from the* lume'u e»f the re*nal tuhtdes into the Itlooel. Jt is 
iie)te\vorthy that tin* Xa ’ e-onte-nt of the* sweat anel saliva is alse) low in these* 
patients (p. 1 ) 10 ). 

Thus in patie'uls with jiurtal obstructie>u ascite's may be due to : incivase^d 
capillary |>re*ssur<* iti the* portal bt'ii ; reduce'ei serum albumin cemce'ntra- 
tiein : a te)xic factor in me*at ; e'xce*ss antieiiurctic lmrnK>ne*; sodium ret(*ntion 
resulting pe*rha])s from e*xce'ss adrenal corticeu'ds. It is clear that hej)atic 
anel re'iial dysfune'tiou are* imjieutant ce»ntribute.jry lactors.- 

(iii) rollahool ciirnlotion is e'stal>lisheel between the |.>ortal and the* 
syste.niic ciretdatiem. <'.//. at llie junction of a3sophagiis ami stomacli, in 
the inu(a)sa of 1 he* anus, ami in the* abelenninal wall. IInworrhages may ocemr 
from the elilate*<l ve*nuh'S of tin* bowe*!. 

Functions of the Liver. The*, functions are very numerous and are 
discussed in various sections of 1 his beiok. They are summarized bele)w, where 
adeejuate rross-refe*re*nce's are* given. 

* Xise'innenger rl a/., J. din. Innidiff.^ IttaO, 2U, 1491. 

Ascites may also e)(*(*iir : (1) in cardiac failure : it is due to raised iiitra-abdominal 
nous pressure and renal dysfunction (ef. cardiac cedema, p. Ill); (2) in nephrosis: 
i(duc to lowered scrum albumin concentration (cf. p. 113). 
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(1) St()RA(^e Oiu^an. 'riie liver stores glycogen (p. fat; (p. 

probal>ly proteins (p. I'tS), vitamins, v.ij. vitamin-.I, antipernieioiis aniemia 
factor (p. otlier substances concerned in blood Idrmation and re^enera 

tion (j). *210), and blood (p. S2l). 

(2) Synthesis. The liver synthesizes the plasma proteins (p. K*J7), 
fd)rino«;en (p. 1 10), prothrombin (p. 112), and (by virtue of its mast cells) 
heparin (p. l ib). 

(‘1) IllJ.E StX'KKTlON (p. 7b7). 

(•I) Formation (p. hlO) ami Destiu'ction of uki» oeels (|). 1S7); relation 

to dAl’NDlOE (p. IbO). 

(b) Dktoxicatino func ¬ 
tion (p. (S2S). 

(b) i\I ETA noi/i SM. The 
liver is ju’c'-cuninently tln‘ 
central or^an of metabolism. 
To discuss its role adcnpialely 
would mean considering in 
detail the metabolism of 
carbohydrate, fat, and pro¬ 
tein. It is more convenient, 
therefore, to consider the role 
of the liver when dealing with 
the metabolism of the in¬ 
dividual foodstuffs. The fol¬ 
lowing sections should be 
consulted ; 

(i) Carbohydrate Metabol¬ 
ism (p[). 8.‘17 et scf/.), especially 
Hbl(» of Jjiver (Jlyeogen 
([). S.b.*^) and Hegulation of 
lllood Sugar (p. Sbb). 

(ii) Fat M<‘ta))olism (pp. StWl 
vt •''■ce/.), especially discussion 
cm pp. -StH) et sn/. 

(iii) Protein Metabolism 
(pp, 871) to !MM). 

Complete Extirpation of 
Liver. -The liver (^an be coni- 
pletely extirpated in animals. 
Much has bf*en learnt about the functions of tlie liver from such 
studies. The. animal recovers raj>idly from tlie operation and to all outward 
appearances seems fairly normal for a few hours. Tlie changes wliich devedoj) 
in pulse rate, respiration, and temperature are shown in Fig. bib. The 
prineifial results of complete hepatectomy are a.s follows : 

(1) There is a progressive fall of })lood sugar (di*V(*lopmeiit of hj/po- 
ghjeamia), e.g. to 40 mg % or less, |)roducing the characteristic symj)tonis 
for the speci(*s ; in the dog there is marked muscular weakiuiss, foIlow(jd l)y 
convulsions, coma, and d(jath. Tin* aggravation of the clinical state runs 
parallel witli tin; fall of the blood .sugar. The somewhat diffenuit symptoms 
of hypoglycfemia in man arc di.seussed on p. bib. 



Fig. r>4r). —Changes in Blood Sugar, I'lilsf; Kate, 
Respiration, and 'I’emperature, following Re¬ 
moval of Javer in Dog. (.Modified from data hv 
Mann Jind .Magath, Arch, ini. Med.., lUl!:!, M), 73.) 
'I'lir animal died 10 hours after hepatoctomj'. 
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Th(» administrat ion of ^zlii(‘os<' in dosos oro-2r) 0-5 jr. per Ixuly woi^ht 
to a llciccid and comatoso animal produces astnrnsliint: elfects : vvithin .‘Jti 
seconds tlie dojjj can walk an<l resjanul to a call : the heart heats more stronjj[ly. 
The hlood su^nu-, immediately following the injection, rejiciies a hijih level : 
when it decreases a^ain sympioms reappear. The development of fatal hypo- 
‘ilycivmia. after hepat<‘Ctomy pn»v<‘s that the liver is the orpin prineipidlv 
irsiiOKSfUr far f/tr htalntrn(utrr nf ^2r 

the normal Ivrrl of l/ir hi and stnfnr ' V 

(Cf. p. Sfltt). Q 

IJcjht is thrown on the fate of -B - 9 j 

certain siipirs in the body hy the cn / 

following observations in the jiyjio- ^ / 

^lyciemic, liverless animal. Maltose, ^ / 

mannose, fruelose ami Iflffeofjrn. act, qq / 

on intravenous inj(‘ction, like 3 / 

^ducose ; these four substances can . 1 

thus be converted somewhere out- — 

side the liver into glucoae. Galactose, 1 . 5 !. 
however, is neither converted into ^ 

glucose nor used in the liverless / 

animal. This last observation is the 1 - 2 - J ^ 

basis of the galactose, test of liver ^ 
efficiency (p. 830). . 5 

(2) There is a progressive fall (/) / 

of the hlood urea and rise of the , /h 

hlood amino-acids (j). 880, Fig.s. —J L 

500, 807). This proves that the QL A 

liver is the chief site of deamination / 

of amino-acids and the only organ in q \ 

which area is formed. fCTloiF 5 T\ io ia zam 

(3) ♦/a////r//cc devrdops after total Ik;. Accurnubition of BiJiruhin in 

hejiatectoiny ; bilirubin accumulates thr blood Following KemovHl of the 

in the blood and tissues (Fiir. 510 ), 1 "!)’.^'* ; Ibomo^hdun into 

and IS excreted m the urine. ,/. /V^vW., .aiiU). 

daundice develofis constantly m K^porimpnt on .lou. 

animals which Slirvivi' lonp’r than <>nlinal«* : pl.isma l>ilinil)in in mir o;,. 

I . 1 1 At O, total r«-niov;jl ol liver. Note ^tnnlnaJ rise in 

t) hours’, the fllasnui and nitty hilirultin level. .\l «‘iieh point MiarKed H 

tissues hecoine crihiiired The bloiill iiije< tion of IwemoeioPin jntnivenonsly. Note 

Mssms otcomt COIOUTtO. 1 m OIOUO re.sultinu tnarlod inere.-ise in t.ilinihin level 

gives a liositivc Van den Picrgh iiulie.it iusr e\lr;i-liep:ilii Itilinil.iu torination. 

reaction for biliruhin (p. IMM, first vxereted in the urine, 

an indirt‘ct tind than a l)i])liasic 

reaction. Tlic removal of t he spleen and of all the jibdominjil viseera does not 
alter the rate of development of the jaundice. If Invinoglobin is injected 
intravenously into tin* liverh‘ss animal cunsidenible additional amounts of 
bilirubin are formed (Fig. 515). These observations [irove that hihrahin 
van he formed ej'tra-ahdominaUy (ef. [i. 188). Tin* liver, however, is the only 
organ normally conctTiusl with the e.reeretion of bile |)igment. 

(i) The eoagalafdJitff of tlie blood is dejiressed owing mainly to a marked 
d<*(‘r(?ase in tin* e.oncent.ration of plasma prothromlan and ptuliaps also to a 
decrease in plnsnav fd)rinogen. 




S‘J(; rViniAL KXTIHrATlOX OF LIVKH 

(.“)) lirpulir insHjficiriK‘ii (l(*volo]»s. If the blood supir is kept uoniifil bv 
the contiinious infusion of glucose the animal may surviv(‘ for 18 -24 liours. 
Kimilly, however, restlessn(*ss, dyspuuJii, and vomiting occur ; the animal 
becomes ataxic, and does not ap]»ear to hear or see. Coma and anuria develop, 
and death takes j)lace quite suddenly. These symptoms are unrelieved by 
glucosi* atid an' not dm* to hypoglyca'inia ; these terminal manif(;stations 
are due to loss of some unknown liver liinctions (/.c. to some undelined form 
of lM'[>atic failure). (Cf. firnte cJinirnl hepalic fnilure (p. 8,T:i).) 

Partial Extirpation of the LiverJ—The results produced depend on 

(i) the physiological reserve of liver tissue ; (ii) the regenerative power of 
the liver ; (iii) its nutritional state. 

(i) I'he reserve is indicated by the fact that the body contains 

liver tissue far in excess of the minimal amount necessary for normal physio¬ 
logical function, 'flius, in the dog. after removal of 8(>^\) of tin*, liver, bile salts 
and })il(‘ pigments are not retained in the blood or excrei(*d in the urine. KvcJi 
if of the bile ducts are ligat ed the volume of bile secreted n*mains normal. 

(ii) The regenerative, 'power of the liver is illustrat(*d l>y the following 
observations. In the dog, if three-fourths of the liver is removed, proliferation 
takes place in the remaining tissue as a result of active mitotic, division of the 
cells ; the original liver mass is restored in 6 8 weeks.The bile ducts 
at the periphery of the lobules also sprout and bud off new clumps of cells ; 
blood vessels and connective tissue soon invade the newdy formed areas. 
E.vcision can be repeated many tiiruvs and is always followcvl by regeneration. 
Hcgcncrative processes ])lay an important part in the repair r>f the liv(*r 
following the administration of hepatic poisons. 

(iii) The ini[>orta?ic(; of tlie nutritional state an<i the blood sapplg are 
cnnsid<*rcd (»n pp. 822, 827. 

(Ihronic hepatic insnjffieiencg may he produced as follows : Establish an 
Eck fistula, i.e. a lateral anastomosis is established between the portal vein 
and tlur inferior vena cava ; th(; portal vein is tied headwards to the stoma, 
thus (jutting off most of the blood .supply to the liver. Jt becomes reduced to 
half or less of its original size ; within 2 months remove 60% of the liver. No 
regeneration now takes ])lace, so that less than one-fifth of the original amount 
of liver tissue is left and very few of the cells which are ])rcseiit appear normal 
on histological (‘xarniriation. In spite of this, the animal maintains fairly 
nortnal health. The chief abnormalities present are as follows : (i) tlie blood 
sugar tends to be slightly below normal ; (ii) after inj(‘ction of insulin the 
r(!covery of the bhxKl sugar is greatly delayed (Fig^ 582) ; (iii) paiicreatectoiny 
produces only a sliglit hyperglycannia as he|>atic glucogejuisis i.s impaired : 

(iv) adr<‘naline produces a less inark<*d rise in bhxxl sugar ; (v) poisons are 
not w('ll tolerated.*^ 

Chemical Composition of the Liver. - The Table on p. 827 shows how 
the W(dght and chemical composition of the liver may la*. influ(mc(‘d by 
alterations in the composition of tfie diet (data of BoIIman and Mann for 
the dog). 

The lowest and highest ])erceiitage in eac'h case are shown in italics. 

^ Bollmann and Mann, Krgeb. Physiol.^ 1936, S8, 445. 

* Regeneration must have taken place very actively in the case of Prometheus, whose 
liver was gnawed daily by a tormenting eagle. 

* The newer clinical tests of hepatic efficiency were not carried out on these animals. 
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Liver woiglif. may vary Miild ; fat content per cent., :J2 f(>ld; <jlv<;(.-:cr, 
rcmUmt per eeiit., iTiO-loId ; juk] wat(‘r content, 2 fold. 


Liver Weight ; Fat ; G]ycog(?n Water 

as jH;r (rent, of • as per cent, of < as per cent, of as pcrr (rent, of > 
i \v(iight. : liver weight. | liver weight, j livfrr weight. 



Low. 

High. 

Low. 

High. 

Low. 

: High. 

1. .. 

Low. 

High. 

Mix('(J 

IH 

3 3 

16 

r»-2 

0-8 

71 

6S-1 

74-6 

High prot(iin 

31 

4 4 

: 23 

31 ! 

2 3 

5-8 

70-2 

72-7 

High (‘arhohydrato 

4 4 

4() 

17 

2-3 

71 

110 

718 

73-2 

High fat 

41 

7‘ii 

234 

62‘2 

0 07 

2.3 

3r}-6 

r>7*4 

Fasting 

2r, 

3 4 

5-2 

15-7 

03 

21 

6;>S 

; 73() 


Relation of Composition of Diet to Liver Function.- Tl)er(‘ are a 
]iuinl»cr <»r iiiifwirtanl ohservatioii.^ sliowing tliat tli(‘ protein, earLolivdralii 
and fat inlako an* related to the (‘flieitMit functioning of tin* liv(*r. 

(1) Kfi'’K(t.s of Iln.'H Fat Dikt and Kole oe Lii*otkoi*j\.s (p. Sti7). 

(2) Fkotk(TIve Action of Metuiomxe. As ])oint(‘d out on p. 

nn^tliiotiiin*, l)v donating (Ml.{ groups to fonu choline, is an iinlin*ct lipotr(»pi?i. 
In a.dditi<ni it has Ikmmi found that methionine (and to a sinailer e.xt.orit 
cyst<*in<‘) //ro/ce/s ///r iirvr against tin* Jioxious action of certain jxusons aim 
especially against chloroform. A dog whicli has 1 k‘(ui kept on a. low pnUeiu 
diet for a, long t.iine is liigiily susceptible to chloroform poisoning : H(iht 
anarsthesia for 20 minutes kills tlie animal ; jmst inortcni, c.xttuisive n<‘crosis 
of tin* liver c(*Ils is found. But if the (hjg is given nn‘thiouine (or cysteine) 
a. few hours previously, il cati witlistand aiKCsthesia for 10 minutes 

with little subsequent clinical disturhance and no signs of liv(‘r injury. A 
large meat meal (or jdasma j>rotein iiijec.t(*(l intravenously) has a similar 
protectivi* action, douhth'ss In'cause of its 8-containiug amino-acid cont(*nt. 
(It should be noted that choline is not ]>rotective against clilorof(»rin 
p(»isoning.) 

(’)) Effects of (Iuave Protein Insufficiency, (i) Tinier C(*r1aiu 
conditions, as y(?t impcrf(*ctly determiii(*d, grave j)rotoiii insullicieiicy may, 
aftn* a dtday of some weeks, jiroduce, in rats, acute Inqiatic iiisulficiciicy due 
to massirt^ turrosi.s of tJie liver. The m*erosis involves larg(i areas which are 
separated from eacli otln*r by normal regions. In tin? aifected areas the liver 
cells are dead and there is much congestion and many hiemorrliages. If the 
animal recovers, post~im:rolic scarring occurs : tin* normal n^gions hyjier- 
trojihy and between them are found scars whicli iiilerbire with the hepatic 
blood su|»ply. Special stress lias been laid on the fact that the cpsfeinc 
content of thes(^ diets is deficient. The experiment makes it ch*ar that in tiie 
absence of acleijua-te supplies of amino-acids (in*ede(l presumably for the 
maintenaiie.e of the liver proteins and enzymes), the liver cells may die. 

(ii) A similar oonditien of massive necrosis occurs in animals fed on grain 
grown in soil rich in fieUmium. The selenium in the grain replaces tlm sulphur 
in the sulphur-containing amino-acids, resulting in hepatic necrosis; the 
hepatic necrosis is prevented by administering methionine or cysteine. 




S2S niOTWTlVK ACTION OK LIVKH 

(1) Ill g("nf*rrtl, it nifiy l-»o empliasi/(?(l tliat tin* liv«‘r resists iiiaiiy forms of 
stn*ss best when its ston‘s of earboliydrate and prottMii are ainj)le ; its 
(‘flicieney is iin])aired when it is laden with fat. Thus a dose, of earbon 
tetraelihjride which is fatal (in the doj^) witln'n 2\ horns if the liv('r is fatty 
at the time of administrati(m is without etTeet if tlie liver is well lillod with 
glycogen. In tiie <*ase of t(‘traehlorethane, I <‘.e. })rodviees seven' intoxication 
and coma of 0 S hours’ duration if given 21 hours after tin* last meal ; if 
given 12 hours after food, (uily mihl symptoms result. Tin* toxic action (d’ 
ethyl alcohol on the liver varies inv(‘r.sely as its glycogen content; the toxi(‘ 
action of trinitrotoluene and arsjdienamim' is potentiated by protein defici(*ncy 
and a high fat intakt'. 

Toxij’atuk' ANT) Thoi'Hopathic Hki'ATITIs. llimsworth recognizes two 
forms of h(*j)atitis (liver damage) : 

(i) Toxipntlni\ due to tlie action of poisons (such as thos(t mentioiu'd 
in (1) above). 

(ii) Trophopathic, due to nutritional disturbances, c.r/. j)rotein deficiency 
and the factors causing “ fatty liver (p. 867). It must also be remembered 
(a) that nutritional disturbances make the liver more vulnerable to attack 
by poisons ; and (h) that a diet which is normally adequate may become 
insufficient in periods of growth or during pregnancy. 

Massive necrosis (also called “ acute yellow atrophy ”) occurs in man 
(cf. p. 833), but the cause is unknown. 

Detoxicating and Protective Action of the Liver. —The liver 
exerts its protective action in a variety of ways : 

(1) By Conjugation,^ i,e, by combining the unwanted substance (or a 
derivative of it) with another molecule oi* chemical group, the resulting 
compound being excreted in the urine. It does not always follow that the 
excreted compound is less toxic than the original, as measured by the usual 
toxicity tests—it may even be more toxic. For this n^asoii, and for the 
additional reason that many normal jihysiological com])ouiids are chemically 
‘‘ manipulated ” by the liver in this way before la'ing excreted, the term 
“ detoxication ” commonly a})plied to conjugation in the liver is a misnom(*r, 
and w’ould be b(*t:ter re]daced by “ protective synthesis.” Examples are : 

(i) (U)ujng(ttion irith Sulphate. ~}ihiny phenolic com})onnds an; con¬ 
jugated in the liver with sulphate, and excreted a.s “ethereal snlf)hates ” 
(sulphate esters) (|). 

(ii) (Uwjugalion with Glycine. Many aromatic* acids that cannot b(‘ 

catabolized in the. body are ecmibined with glycine, (or other amino-acids 
in S})ecial ca.ses) befon* exen'tion. Benzoic acid transtV>rmed 

by the liver into hippuric acid (benzoylglycine, CgHr,.r(>.NJl.CHj,.(X)()ll) ; 
a similar detoxication of benzoic acid also occurs in tin* kidney ()». 83n). 
On the Ollier hand, plienyl-acetic acid ((■,;H-.CHj,.(X)OTi) is “detoxicated ” 
by combination with glutamine (th<‘ amide of glutamic acid). 

(iii) (■onjngafion with Glururouic Arid. Many drugs and hormones 
containing OH groups (either alcoholic or phenolic) combine, with glucuronic 
acid to form fflucuronidcs ; thus jircgnanediol (from prog(;sterone) is ex(u*et(*d 
in the urine as pregnanediol glucuronide after conjugation in tin* liver, and 
similarly for the otlu'r urinary steroids (pp. 1078, 1080). 

(iv) Conjugation with Acetic Add. Aromatic amino compounds rea-('t 

1 WilliaiDH, Detoxication Mechaninufs, London, 1947. 
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in tin* livt‘r with jic.rtic jnrid (us niurtivn "■ 2(- fT:i^n](*iits ([). «S7.I)) to fonri th** 
(•orn‘S|)oinlini| u(*t‘tyl <h*rivutivos, rjj. siilpiiatiihnnirh' forms Jifotvl-snlpliunil- 
amide, vvhieli is t hen cxc’reted (p. 87*i). 

Tin* mode of treatm(‘nt of a for(‘i^n snlistaiiep hy tin* liver d(‘p(*nds (‘hit'flv 
upon its (.•ln*mie.;il structure, hut partially on the species of animal involved. 

(2) By CoMi'i.KTK DK.s'rurrTioN. Many compoimds forei^rn t-o the hodv 
are destroyed in the liv(*r hy cruap/c/c nridaliftn. K,vain[)l(‘ arc* the alkaloicis 
strychnine and nicotiin*, and the ain-esthetic Na ])entoharhital. J*arfial 
oxu/ahoH (or, less often, mhtrfHHi) may precede tin* conjufxation n‘actioMS 
descrih<*d in (1) above. 

Clinical Hepatic Failure. Disease of tin* liver in man may result in : 

(I) Ercrr/oi'if Faihirr. Kailure to excT*(*te hih* leads to retention of the 
constituents of the. hile (p. -^Ol) and an increase iji the concentrations of hile 
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Ku;. .VI7. Blood Balaclo.se C'urves in Hepatic liisulTieiencv. (McLagari, Quart. J. d/cd. 

.V. 150.) 

Left-hand Figure : ordinutc : Mood K'ulacto.sc In luji Ingest 10 g. of galaeto.se by mouth. 

\ ; normal curve, m ; yalaetose index .si. 

a : abnormal curve (excessive rise of blootl galaeto.se) in ease of cutiirrhal jaundice with he|>atic iii.-<uilieiene,\ 
(!1 :U)T. 

Itight-hand Figure. ; ordinate : total blood '* sugar,” blood glucose, or blood galaetose in mg **„. 

Case of diabetes inellitus. Simultaneous adiiiinistrutiou of galaeto.se and glueo.se by mouth. Xornia 
Itlood guUu-tose eiirve, <;i 7.'» . * liarai !eri.stir dniMic blwhl gtiivo^e eiirve. 

pigment, 1‘ilc salts, cholesterol, ^ind alkalitie jdiospliata.se in tin* hlood. Bile 
.salts und hih* pigments apjiear in tin* urim* ; jaundiee (h*veloj)S, 'Die ahst‘nce 
()l‘ hile from tin* intestine imjiairs dig/*stion ;ind, in addition, d(*ere;ises the 
iihsor|)tion of fat and fat-soluhle vitamins, 

(2) Vorftd Ohsfruction. This condition is charact<*rizcd hy dev(*lopment 
of collaterals bet ween tin* portal and sy.st(‘mie veins, and aseite.s (p. -822). 

(3) Parcuchf/utaJ Failure. In tliis coinlition excretory failure may or 
may not he present ; tin* term pareindiymal failiin* is iis(*d to indicate that 
the liver cells are failing to carry out their other functions, to a greater or 
le.sser degree. 

A nuinber of la.l)ora.tory It'.sl.s art* availahh* for asst\ssiiig the form and ext(*nt 
pa reach if mal hepatic failure. 

Laboratory Tests of Liver Function^ 'idie facts st*t out on p. 820 about 
the dillieulty of producing experimental liver insullicieiicy, without com¬ 
pletely removing the liver, should he borne in mind when considering means 
of te.sting liver function clinically. Extensive liver damage mirst he j)resenl 
in man before obvious signs of insullicieiicy present themselves. Some liver 
> (trav, Qanrt. ./. J/fv/., 1^50, 
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fuiK-tioiis howov(*r, impaired sooner tlian others and these may serve 
as more simsitive tests. In disease of the liver pan'ifchffwa the exen‘tion 
()l‘ bile is (dten not markedly atleeted and consequently tlnne may be little 
janndi(*e and no increasi* in blood bilirubin ; urea formation is anotlnn- vt*ry 
r(‘sistajit function. The following; tests are value. 

(1) (Jalactose Tolkrancf. Tkst.— When i^alactose is absorbed from the 
intestifie it is normally converted by the liver into i^dycotjen and snbs(‘(|uently 
into frlucose which is dissimihited by the tissues, in the liverless animal, 
however, jjalactose is scarcely utilized at ail and is only dispos(‘d of by 
excretion in the urine. The test consists of administering -id g. of galactose 
by inontli and determining the blood palaclose at O-b, 1-0, l-b, and 2 hours. 
In normal subjects the blood galactose rises very slightly: in the presence of 
liver damage a greater rise takes place (Fig. 517). The sum of the four 
galacto.se values (at the times stated) in mg”,, giv(‘s the ffahicfosr index 
(Tig. 5IS). The normal average is 68 and the maximum normal 1(K). Higher 




Kic. .")ts.—Cialactdsc Iafle.v in ^’<Jrmal Sulijccts and in variourt Cliiiit al *Sl.al<‘ti. (.Mcl^agan, 
Quart. J. Med.f 1140, (f, 150.) 

Left lnmi Finurf ■ normal distribution and upper normal limit, of liuiarto.so iiali'X. 

Uhjhi hand I'igav noriiiul Kulactosc index in diabetes mcllitus and group of eases witli obstrin-tive 
jaundice: ttbiiormally raised index in toxic jaundice and in liypcrthyroidism. 


values indicate hepatic iiisufHciency. The galacl-ose index is not rais(‘(l in 
cases of diabetes imdlitus (Fig. 547, right H.l.- 75), «‘ven when the glucose 
tolerance, is markedly impaired. Fig. 518 shows a rais(‘d galactose index in 
toxic jaundice ami in hy])ertliyroidisrn (in \rhich liver iin[)airrnpnt is cmnnion, 
]).'.ibl 'i. 

(2) HiriMJKic Acid Test.— When sodinm benzoate is taken by mouth it is 
e()njugated in the liver and kidneys with (jlyrine to form liip|)uric acid. 
Clinically 0 g. of Na benzoate are ing<‘.sted ; nontially o .‘i-o g. of benzoic acid 
an* e.\cret<‘d in the urine as hippuric acid in the course of t lie lU'xt 4 hours : 
an exeretion of 2-7 g. is taken as the low limit of normality. In liver disease 
hipjmric acid excretion is depressed owing to diminished conjugation. 

Renal disease must, of course, be excluded as impaired kidnev function 
gives the same result owing to diminished hij)j)uric acid synthesis and dimin¬ 
ished renal excretion of that which is formed. 

(3) BKOMsrLPHTHALi'.rN ExcRPiTioN Test.— Normal liver cells secreto this 
dye (phenol and tetrabromphthalein disodium sulphonate) from the blood 
into the bile. Five mg. per kg. of the dye are injected intravenouslv and 
specimens of blood colha.*ted after 5 and 45 minutes. Assume flui initial 
concentration of the dye in the blood to be irK)%. After 5 minutes the hlood 
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cofirentration normally falls to 85%, and after 45 minutes to f A value 
;it 15 minutes (‘xeeediii^ U)“'o indicates liver damafre. 

(4) C()A(;UL ABILITY OF THE liLOOO (Prothromhin Pesponsr in V it awin’ K). 
—In liver disease the eoa.»»nlal>ility of the hlood is decreased ])rimarily owinjr 
to the lowered plasma prothrombin ; if there is also a fall of plasma fibrinogen, 
it constitutes an additional eontribiitory bietor ; as a result Inemorrhages 
mav occur. In such (^ases the administration of vitfimin-Zi by any route does 




GLOBULIN (g. per 100 c c.) 


Kto. ."i4{t -IMasma IVoieia ehanp s ni l-iver I>is«Nisr. 

(Post and Palik, Arvh. int. Mai., ]‘Ml\ (i!).) 

Kr«*(jm*ncY 4lislribiilum (»! valiirs («»n atliiii^Moii to h<»^|>iral} for S4*rnni anumiin ;mii1 sf'niin ^ilohiilin iti r,| 
with l■irl■^lo•'i^; of liv»T. Notr llir arrrra'^i* in >«Tiiin allniinin ninl Du- iijf-n-.-isr in scriiin 

;;lohuIin. 

not rais(^ tin* abnormally low protlirombin level, i.e.. tin* prolon^red prothroml)in 
elottinjT time, charaeteristit! of liver tlisease is unaflected (p. 153). 

(5) Serum Albumin (Joncentkation. This is lowered in liver in- 
suHichmcy betaxuse the liver is the sole site of serum albumin formation. 
For some unknown reason serum globulin (•■oiicentration is rais(‘d, often 
markedly (Figs. 51P, 550) (cf. p. 833). High protein feeding fails to reston^ 
the serum albumin level as the mechanisms concerned in tin* maiiufacture 
of albumin are impaired. 

(()) Empirical (Flocculation) Tests of Liver Function. -Tin* obj<‘cts 
of tlu'se ti‘sts an* : 

(i) To distinguish between jaiiiniice due to liver irll dawaifc (hapalids) 
combined with intlammatory sw^elling of the small bile ducts, which gives 
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a pi^sitire result. aii<] jaundice, caused by ijross obstruclii»ji <d‘llic lar^t'r ducts 
(by f.’rjjwtli or stone) wliicli a nvfjatirr r(‘sult (cf. |». IlM). 

(ii) To .nive a. quttnliliUirr measure ofllic hepatitis pri'seiit and of chan,lies 
in llu‘ int(‘iisit.y oftla' proet'ss. 

Jn lu‘palilis there is a <*Jiaraeterislie alteration in the distribution of tlu* 
plasma jtroteins. Not oidy is thore a fall in serum albumin and a rise in serum 
globulin (as mentioniMl abo\e). but the relative maiiiiiludes of lh(‘ dilTenuit 
com jxiTH'nts of the globulin fraction {a, //. rA, y) are ehanoed. Ki^i. ooO illustrates 
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a.'jO, l ilri-t rn|ifiMn-t ir Aiialvsis ul I >is| ri liiit iini of IMasiii.i 
rri)t< iri> in I‘ati* nl wiih (’timnir Hepalill!'(( ii rlmsis (>!' lavra ) 
r (>ni|i;iri il w illi Norinal Snlrjer t. (W’liit Jriaii r/ r//., ./. hth, rlln. 

Mff/., l!i:»o./>.>. 172 .) p’r. Kirr. 7 :{,, 

A allniiniii. ri., i. r/>, 7 alolailin Iract iori.^. 

eliaraeierist ie M-ruiii protein <‘han»<*s in a patimit with Inpiatilis. Tin* results 
r)f th(‘ empirical tests are rr*lated to these plasma ehaiiLjes. \'ari«)Us reagents 
are added to tlif' serum under investigation. When tlu' test is posifirr the 
addl'd reagent is precipitated out of solution (florndalKth) j»i\’in<i rist* to 
furhidifip The factor m.'drdy responsible for eaiisino the doeeulation is the 
increase in the ^'-rfh^bulin whieli is eommoidy assoeiatr'd with hi'patitis 
thoujj^h an inereasi' in other jrlobulins may play a minor part; the serum 
albumin iulnhlfs lloeeulation. 'idle tliymol reaj^ent (infra), liowi'ver, is also 
H'adilv j)reeipit.al(*d [)y ///m/.v; a inislea<lin,u C'false ") positivi' tliymol 
reaction may llius be obtained in eases of nephritis associated with lijnemia. 
WTien the te.'^t is nrj/atirr, no iloeeulation f»ceurs. 

Three types of ri'a^ents a?'e. u.sed : 

(i) Salts of (lirtdntf mrhfls, rjj. cadmium and zinc sulpha, te.s. (d’hese 
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iini usijd in ji concontratioJi niinrli holow that. n‘(|iiin.Ml to giv(‘ conipiot** 
proU‘in |)n*,cij)it.ation.) 

(ii) A .saliirjit(*J Unjinol solution. 

(iii) Niyafivrh^ (‘hatyrd vnlUtids : rolloiilal gold oi‘ u coiloidal susjxuision 
inad(^ by boiling an <‘tln‘n*al solution of ct‘])lia.lin and clioK'stcrol with water. 
(The ;.'-globulin d(u*s not act on these reag(*iil.s by neutralizing t he Jiegativ(‘ly 
charged colloid since it is its(‘ir negativ(*ly charged.) 

.All l.hesi‘ reagents arc unchanged l>v normal blood sera e.xccpt tin* t.hvrnol 
solution which gives a faint clc»ud : in h<*})atitis the thymol cloml may lac 
10 .*i0 times as intense as normal, ainl llocculalion occurs. Hence the 
thvnml turbidity test is sjxa-ially uscl'ul as a, (piantitativi* rea<'tinn. 

Th(‘ following cmiditiuns give y>o.v/7//v' r<‘sults with most, of the lest.^ : 

id) Jlryatilis ; positive U‘st.s ar<^ ol>tained in over ‘Mt’,, of taisf's. 

(/>) r/ra.s‘ diseases : usuallv in Ivmphogranuhnna inguinale a.n«l soim^times 
in infectiv(‘, mononucleosis. 

(<■) I*n>fdZ()dl disease : usually in lieishmaniasis and snni(‘tim<‘s in malaria.. 

[d) S«*ver(*. infi^rtions : tests are sometimes positive in sin/li conditions as 
tuberculosis, pneumonia. inf<*ctiv(* endocarditis. 

(c) T(‘sts are sometimes positivi* in multi[)le myehmiatosis. sarcoidosis and 
rheumatoid art-hritis, 

in obstructive jaumlict* due to pr(‘ssure. on the larytd' ducts by growth 
or stone, tin' tests are almost always negative, for tin* lir.st four weeks and 
maybe tV»r much longcu*. If, after this time, the tests become positive*, it tnay 
be irdVured that th(‘ ba(.*k pressure of the. bile is damaging the liver cells or 
that infection has supervened (<‘f. (u) and (d) above), 'rinis, a (‘as(‘ of jaundice 
of onlva few w(*eks' <luration which gives p<»sitive tiocculation t(‘st,sis probably 
due t.o iie]>atitis ; jaundice of similar duration giving negat ix e tests is probably 
duc'i to gross obstructimi of lar’ger (.lu<*ts. If a posit ive test is obt-ained in the 
(d)S(>H(r of jaundice, ami <*onditions (b) to [e) (above) can Ix' (‘.\cluded. 
h(‘j)a.titis is probably present (c. 7 . hepatitis dm* to anunbic inffx'tion). If the 
patient is known to liav<* hepatitis, the eomlitinn must, be r(‘gard(‘d as 
incompleti'ly healed until the thymol turbidity is (juantitatively normal. 

The source of the 7 -globidins which are res{)onsible for tlie positive 
leaetions, is obseun?. It. has Immmj sugg(*sted that they are the products ot 
abnormai activity by damaged liver cells : but t heir occurr(‘nce iji many 
other dis('ases in which the liver is not known to lx* involv(*d, indicates that 
they may be derived from other sources, c.y/. t he reticulo-(*n<lot.helial system, 
lym|)liocytes or |)lasma c(‘lls. 

Acute (Rapidly Fatal) Hepatic Failure. (Acdfr Ytdhdr Ahophy. 
Acute Maasi.ve Hepatic Necrosis), The cause of many of th(‘S(‘ (‘as('s is still 
undetermined ; the (xuidition constitut(*s the nean‘st (‘(juivah'iit in man to 
that found in animals after complete extirpation of the liver. 

The initial symptoms are indetijiite ; the ])atient feels ill and complaijis 
of loss of appetite (anorexia) and nausea. Jle is a|)ath(‘t.i<‘ and spends most 
of the day in a drowsy state. At niglit his sleej) is disturlx‘d by unpleasant 
dn'.ams. There is achlorhydria which is r(‘sistant to inj(‘ction of histamine 
(p. 7 (S;i). The breath is Irntid, “like the smell of a freshly opened corj)se.‘' 
The paticMit tinally takes to his bed owing to extnmu* Wixikness. Vomiting 
devtdops which l>ecomes persi.stent; jaundice appears wd)ich soon lu*com<‘s 
severe. The serum bilirubin rises (c.y. to over 20 mg : tin* ic 1 (‘rus index may 
21 
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cxc(‘(m 1 JOU units) ^ ; tlip blood protliroinbiii bills (p.//. to l(>''o of iioniial) as 
does the plasma libriiiopm (c.//. to 0-1 ; Wed////// may occur into the 

skin and mucous mmnbrancs. The blood umi is low (c.//, 8 nifi; ‘\,); the 
blood amino-acid level is raised and amino-aidds apjiear in the urine: the 
blood Ml;j is raised. The piilst‘, (einperature. and respiration are unallcct(‘d 
until late in the disease wlimi the pulse accelerates and the t.empm'atun^ ris(‘S. 

The (inal symptoms are nervous and mental and are |»erha.|»s du(‘ in. part 
to |)roi>ressive lirpoulvcamiiji. '* ("onsciousiu'ss is (‘loiuled/' and there are 
hallueination^ and delirium. A ri^iidity like that found in I’arkinsonism 
develops and lliere an* line muscular twitidiinus, but convulsions are rare; 
finally coma sets in which d(‘ep(‘ns into death. 

Tlie non-spc-cilic liepatii* t<‘sts (/.c. tin* various llocculation reactions) 
become positive after the tirst few days and are indicative of'* active damaei* ’’ 
to the liver c<*lls. 

In some cases (liritahi-iritdl stimltvinr) additional siuns of renal insulliciency 
are proiniui'iit, /.//. decreased volunn* of urine, retention of nitroennoiis 
substances in the bf.Mal, and linally even com|)lete anuria. 

^ Jvirnis index. Tlii< is ;i measure •»l |licr<iMeeutrati<ui ol .mm’iiiii iMliriilMii ami ailiverdlii, 
n()iaine(l l»y eemparisoii el’llK' iiilefisity ol’ilie \elI<o\ (Mtloiir ol tlir senim with a slamlani 
potas>iiim (lieliiomale sdlutioii. The imh x i.> expiesM^I in slamlani, tlinuuh arhitrnrv. 
units, ami mutually lies hrtwfen ami U unitN; ahn\e l.'t unils, elini<*al symploms ol 
jaumlii-e niav a]Hieai'. 
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METABOLISM 

CAllBUfiVDltATE M?:T A HOLISM.' DIGESTION, ABSOHl'TIO.V, AND 
S'J’OBACjIE of CABBOlIVJMiATES 

Carbohydrates of Food. TIm* |»riiK*i]nil rnrholiydratt's in the food an* : 

(i) PohfSfKTliffndrs )„),/^//. stiireh in vegetable foods. 

(V*Ilulosc and poctins cannot i)c diL!<*stcd hy the cn/vnics of the human howe!. 

(ii) l)imrrhan(Jes (Cj2^i22^ ^i)' •‘^nerose (saecharcLse, cam*- or la'et- 

sugar), la.ctt»s(* (from milk), and maltose. 

(iii) Mfthfh^acrharitlr's : (a) Jlvjnsi s -(jll j2^ c.^. Ldnonse (dext rose*), and 

lTncfe)se (Ijovidose) in fruits and v<‘eetah](‘s. ((lalaeTnse* is not in;T(‘sted as 
sncii hut is s])lit otf from hu‘tose). 

{!)) Pf^Hfnsc.s (fVJ^io^h))' *'‘**^‘ hn-m. Inn in nu(‘leic acid (|». 878 ) 

and in certain |>olysac(diari<les. c.7. the jH‘ntosans of f'rnits and ;,^nms. 

Tlie im*taholic “ pathway ” of carheihydrat<*s (i'.c. the se(pi(*n(‘(* of inter- 
imnliatu ce)m|>ounds and reactiems hy Avhi<‘h metaholie* transIVnanatiofis an* 
(‘fleeted) mav he joined hy (’(‘rtain food constituents whicli. an* not carho- 
hydrates, c.7. j^lycorol. 

Digestion, -(i) PlH<tPnt of tin* saliva can only dii^est starch alter tlie 
(•(‘llulosf* (mvelo|)(* has h(*(*n hurst. *.(]. hy cookin^^ It acts in an. aHvaline, 
neutral or faintly acid medium (optimally at /dl ♦>•:'>).- Ptyalin digestion can 
thus coFitiiiiie in tin* stomach for about liall'an hour until it is arivsted by the 
exc(\ssi\'(*- acidity of t he gastric* contents. The (unimjantant) dig(‘.stivc action 
of ptvalin may thus he su!nmariz(*d : 

Starch > cry thro-dext rin —> acliroo-(l(‘xi rin —>► maltose. 

(dcxtriiis tit decreasing iMiinplexity). (U» some exlc'nt.) 

(ii) The IICI of tin* gastric juice* may liydrolys(‘ some sucrose. 

(iii) AnnjhiHc of the pancn*atic juice ra])idly converts all forms of starch 
and dext-rins c.om])let(dy into maltose. It acts in an alkaline medium, and its 
digestive activity is in(*.reas(*.d by the pres(*nce of the hilt* salts. 

(iv) Suc(*us ent(*riciis contains thn*(* classes of enzymes, iHrr/iase (sucnise), 
mallase, and lacJme, wliicli (umvmt disa(*(’harid(*s into monosaccharidt'.s as 


follows : 

Sucrose 

/ nvcrtasv. 

- > 

(iliKMise j- 

.Fnictost*. 


Maltose 

Lactose 

Ataltnsi'. 

Luclasr. 

-> 

2 (jllucose. 

(diicose 1 

Chilactose 


A I'or <i(‘nersil discussion s(*e Soskiii and Levine, Carhoh/fdrafv Chicago, 

1U40. Ihdl, .!uirodudion in darhohydralv. Hincht\mistry, 2nd (‘d., Lomlon. ItMS. 

hor an account of the gem'ral metliocJs iist.-il in inctad>olie studies (ineludiiig t he use ot 
isotopes), S(*c f). 004:. 

- The react ion r)i‘saliva as seereteci is hiintiv acid ; if t he (’<)., in solution is allowed In 
f?seap(‘ hy exposure to tlie air tlm react ion heeoines faintly alkaline. 
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PeiitoMfs iire liberated as au end-product of the dig(istion of micJeic acid 
(p. 879) and from the partial dig(*stion of pentosans. 

The end-products of carboliydrate digt^stion are, thenTore, mono 
saccharides, by far the most important of which is glucose. 

Bacteria in the large intestine may convert some glucose into m(‘lhane, 
(X)^, and otlier ])roducts. 

Absorption.- (1) MKimAMSM ok Ausohition. A])sorption of tlie mono¬ 
saccharides fmm tlie lunam of the small intostinc into the portal circulation 
takes place in two ways : (i) By s/n/p/c (lifftfsIoH of sugar, due to the liiglu'r 
concentration in the gut than in tin* i)lood. 

(ii) By tln‘ uc^/cc {}(ferve}i(ion of the living intestinal cells. 'I’lu* |>r(»cess 
concerned n‘semi)les that r(‘sj»onsibl(‘ for the riuibsorption of glucose from 
the lumen of the renal tubule into the blood ; it involves lihoi^ithorylaiion 
(p. Slo), /.c. tin* unir)!! of tin* sugar with phos])hate ; it only conc(*rns the 
f)hysiological '* he.voses, i.e. glucose, galactose, and fructose (and not the 
n<m-jdiysiologi(‘al hexos(*s: like mannose, or the pentoses). If the intestinal 
mucous metubraiie is killed, depressed by cooling to a low temperature, or 
jK)isoin*d by phh»ridzl]i (p. 82) or iod(»-a(*etic acid, active *’ absorption 
ceases and simple diffusion alone takes j>lace. 

(2) Batk. ok Absoiution. The rate of absorption by tin* liriiu) intestinal 
mucosa is more rapid than when diffusion alone is taking j»lact‘. In man 
tin* measured maximal rate of absorption from a o() cm. loop of jejunum 
per hour was : glucose, 8 g. : galactose, 9*5 g. ; fructose, 5 g.* the coi- 
respoiidiftg rates for niantiosr* or j)ento.se which are ai)sorb(‘d sr)lely by diffusion 
would be (judging from exj)erinn‘nt.s on rats) about 1 g. The following factors 
itiflu(‘nce tin* rate of absorption : 

(i) Tin* state oj the neae<n.ts itiernhmue ((1) (ii) sapraj and the h‘nglli of//a/c 
(luring which iht* ca.rboljydrat(* is in contact with it. Absorption is thus 
de|U'(*ssed in fliftnhaal conditions (b(‘cause of hurry), in enteritis and in ealiae 
disease (the nature of the mucosal disturbance in this condition is nidviiown). 
(Tlie effects of widesjiread ejrision of the .small intestiin*. and of (fastro-volir 
Jistala are discu;ss(‘d on p. 71t7.) 

(ii) Hole of Endoerines,- (u) Th/jrnid : thyroxine acts dir(*ctlv on the 
intestinal mucosa stimulating ab.sorption. Tin* rale of glueosi* absorption is 
thus dej)n‘ss(*(i in myxa*dema accounting for tin* ffatt(‘ned glucose tolerance 
curve, and stimulated in hyperthyroidi.sm giving a diabetic-hjoking glucose 
tolerance curve (cf. p. U22). 

(b) Anterior pitaitanj : affects ab.sorption solely through its influence on 
the thyroid ; hyperjiituitarism induce.s thyroid ov(‘ractivity ami hy[»o- 
fiituitarism induces thvroiil atroj>hy, with the results to be (*xp(*cted from 
(a) supra. 

(c) Adrenal corte,r : gluco.se ab.sorption is depre.s.sed in adrenal cortex 
defic iemyv ; it can be restored to normal wifhotU the use of eortieal extracts 
by a high salt diet which raises the Na^ level in tin* blood to normal. lm|)aired 
gluco.se absorption can thus result from an abnormal .state of tin* inte.stinal 
(a*lls secondary to tin*, altered electrolyte cont.ent of tin* body fluids which is 
characteristic of adrenal cortex deficiency (p. 9.55). 

(d) Insulin : has no efleet on Hb.sor|)tion. 


Mt IS iiof kiiowif wl »3 fruct ^s(* is Jess well favoured than glucose or galactose. 
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(iii) Ikoir of -Various rncnihrrs oi* Ui«* vitaiiiin-yi roiii[>leA 

(l». 1021), <'.//. 1 pJuH.ollienic a.ci<l, and pyridoxiiu*, j)n)nu)tt‘ahsorptidn. 

Fate of Hexose Sugars. Tin* imxoscs an* hrought. l.o tin* livt*?* from 
tin* int-«*slino in tin* portal hlotxl. (ralactttse is convortod exclusively in the 
liver into jjrlucose (din'ctly or via glycogen) ; fructose is c()nvert(‘d both in 
tin* liv(*r and in the njuscl(‘s into glucose. The gIuco.sc vvhicli is ahsorhed 
from the l)(>\v(‘l or is formed as a result of these isoinerizations is : 

(i) Shtml os glgoffgni in t he liver (ahout 1(K) g.) and in tin* skeletal muscles 
(al)out- l(M) g.). 

(ii) “ DissiioUoh'd " (hrok(*n down hv comph*te oxidation) in all the t issues 

t(> yi(*ld eneigy ; on an average the comph‘te oxidat ive breakdown of 1 g. of 
carbohvdrate to and ll.^O yields energy e<piivalent to aj)pro\imately 

lIMM) cal. ( - M’al.). “ 

(iii) Voono'frd into Jo! and stored as such ifi the fat de})ots (]>, S74). 

It should be noted tliat some of the intermediate products of carbohydrate 
breakdown may be aminat(*d form ootioo-arids (pp. SSP). 

Glycogen, (dycogen is a suitable form in which to store carbohydrate : 

(i) Being insolubh* it exerts no osmotic |»ressure and so does not <listurb 
tin* intracellular fluid content. 

(ii) It has t\ higher (*nergy level than a corresjxmding w(*ight of glucose 

(p. Sib). 

(iii) It is n'adily brokc'ii down under the inllu(*nce of enzymes, {a) into 
glucost* [\\ tin* liver (to maintain the bhxxl glucose) or (/>) into low(*r inter- 
m(‘diates in many tissues (including the liver) to yield en(‘rgy. 

1. Muscle Glycogen is formed from the (rir(*ulati!ig blood glucose; 

the, (‘<m(‘entration in n'Sting muscle is 0-7 I'he rate of formation of 

Jiiuscle glycogen is increased by a. rise of bhxxl glucose and by insulin (p. Dll); 
it is deprcss<*d after r(*moval of tin* pancreas, and is restored to normal by 
inj(*<*tion of insulin. 

.Musch* glyc()g(‘n is consumed during muscular activity (p. 42D) ; when 
muscle is rest(*d aft(*r activity the glycogen store is built u}) apiin from 
blood glucose. Musch* glycogen cannot readily be coiiverted back into blood 
glucose : thus even during the fatal hypoglycannia which results from 
hepatectomy t he juuscle glycogen may not com])letely disapfx^ar (p. 821). 

2. Liver Glycogen. The })rescnce of glycogen in tin* liver can be 
readily <h*monstrated as follows. .An animal is aiuesthetized, the liver is 
pre])ared for excision, frozen in situ with liquid air, r(*nioved, ])lung(*d into 
i)()iling alkali to destroy tin* proteins and enzymes, and then ground up. The 
solution contains glycogen (which can be ])recij)itated with alcohol), but 
])ra(,*tically no glucose. On the other hand, if the liver is deprived of its 
i)lood-supply in sif Uy or kept warm for some time after ^*mo^'al from the d(‘ad 
animal it contains no glycogen, but instead large amounts of glucose are 
found. Ch*.arly, glycogen is normally stored in the liver and is readily con- 
vert(*d under ischa*mi(; or aiuerobic conditions into glucose. Tin* average 
liver glycogen concentration is (cf. p. 827). 

(1) Formation of TnvEU Glyoooen.—G l}Togen is formed in the liver 
and muscles via the stages indicated in Fig. 551 (p. 838). 

Two of the reactions are irreversible : 

(i) The (jonversion of Idood glucose to glucose-fi-phosphate (by reaction 
with adenosine triphosphate under the influence of the enzyme hcTokinase) ; 
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this n‘ii(*tiun “ intrlir jihicoso into tin* inotMl>olic* inaclhncM'v of tin- 

(•♦*11 ” (|>. S44). 

(ii) Tin* cojiversioii ul‘ e;ln(*os(*-t)-])hos|)lia1(* to )>loo(l j^liicosc* ; this occurs 
in the liver onhf and hy tiu* action ol‘ an cntin'Iy diflcrc'nt (Mizynu^ system to 
that in (i), namely phosphttfase (an (‘iizynie which hydrolyzes li(*xose- 
plios])liatcs to hexose and inorixanic phosphati* (ct. p. 81 o). 

(2) Sorio Ks OF Livi-:i: (ii.vciXiFX..Idver ‘ilyco.een is formed from ; 

(i) Tht* li(*xose monosaccharide end-pr<»diic1s of carhohydrat(* digestion 
i.e. elncos(‘, finetos(‘, ualactose. 

(ii) “ Intermediates ' of earboliydrate breakdown, especially lactic acid 
and pyruvic acid (p. 8o2). 

(iii) (ilycerol derived from the hydrolysis of n(*utral tat (p. 874). 

(iv) Any inti'iniediate ” derived from tin* breakdown oJ tlie amino-acids 
(of juoteins) which enter into the so-called “ metabolic p«)ol (p. 888). Th<*re 
is no doubt that in this wav lilvcoiien (and ^dm-ose) mav be lormed tVoin many 
amino acids after i1m‘V have been deaminated. 


ATP 


hexol'i\ 


GLUCOSE 


imtsc 

\ihof<phataHe 

hycirolvsis 


GLYCOGEN (storage product) 

1L 

glucose-1 -phosphate 

glucose-G-phosphate 

dissimilation 

pyruvic acid lactic acid 
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hits ' 


metabolic 

]H)ol 


proteins 


Kf(;. ard. l51n(Ml (Uinosc aiul tlie rurmation and l»!rak«to\vri of Liver (tlvcogvn. 


The quickest way of building up liver glycogen, howevt'r, is by raising 
tin* blood glucose lev(*l ; this is nmre rapidly and effectively done bv intra¬ 
venous injection of glucose than by oral administration. 

(3) K()M*: of Lj\k1{ (Jl^cogkn. (i) First and foremost it is tin* only 
imm(‘diately availafde reserre of blood ijlncose} 

(ii) A liigh liver glycogen l(*vel protects the liver cell against the harmful 
♦ijffects of many poisons, ejj. carbon tetrachloride, etliyl alc.oliol, arsenic, and 
various bacterial toxins (p. 828). 

(iii) CVrtain forms of detorlention (p. 828) are din'cf ly inilimnced by the 
liver glycog(*n level : 

(a) detoxication by (ilueurovir acid of substances which contain Oil - - 
grou[>s, including the sterols {e.fp pregnanediol (p. 1081)) ; 

‘ The word ‘‘ sugar ” is eomriionly used in this hook as synonymous with “ glucose," 
e.f/. in such (expressions as “ blood sugar ’* or “ sugar in urine.’*‘ (diieose. is sometimes 
referred to as dextrose. Oeeasionally “ sugar " is used to n-fer to dietary nKuiosaeoharide 
or disaccharide, c.f/. sucrose (saccharose). In the plural form, sugars ” is soTm'tinies 
c(iuivalent to carhohydraters. I'lie meaning is made elear h) tin* eontext. 
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{h) (Jcloxk'iifiiiti liy iin-iiii^ nf in-clijUillitii (siilisiitution of iin iicftyL /.c. 
(CU-jCH) ) Rioiip), iU'clyhitioii nf /^-auiiiiu henzoic ;K‘i(! or ot‘ sulplum- 
iliunido ; the jiKotyl ^nmp may Ik‘ formod thus : ^lv(‘ 0 )j;oii ^pyruvic acid—v 
“ ‘iC unit " (Icrivod iVom }i(‘olal.(‘ (|>p. SoO, 87‘i). 

(iv) riic rate nf (Irfutnnalton of amino-acifls in tlio liver is dojiressod as 
fin* ^lyi.'OLom IoncI ri.s(.*s ; tliis means tlnit the aiuino-aeids are preserved 
lonirer in that form and so romain available for prolein svntli(‘sls in the 
tissues. 

(v) Similarly a lii^h levt*l of livia- jj[lyeoi£<‘n depiesses the rale nf Ivinnv 
fnrmalinn from lon^ ehaiii fatly acids and thus almlishes or jnevents (cetosis 
(p. STb). 

The hnrmnnvs eontrolling the metabolic aetivities of the liver, and the 
hey role ol th(‘ li\ er iii the n tfidahnn nj fitr hlnnd f/huvs/^ Icrcl are consider(*d 
<»n p|). Sob Sblt 

Other Forms in which Carbohydrate is found or Used in the 

Body. (i) Ijttrinsc: secr(‘ted by the lactatinp; mammarv eland in the 
milk : |.»resiimably it is synthesized from blood olueose (p. lotit)). 

(ii) Fruvlnsr: found as ilie free suuar in beta! blood and in seminal Iluid. 

(iii) (ilnrnrnnir Arid (as ffhn-nrnnnirs): formed in the livin' for t he 
’■ detoxieatioji " of many alcohols, plnniols, and acids (p. -S*2.S). 

(iv) Pf'tdosrs {rdtasr and den.r(fi'(hnsr): eonstitueiit parts of nnvlrir adds 
(p. 87«'^) and narlrntith's. I^ibost* is a eonstitiieiit part of the nucleotides eon- 
cerned. with : 

((/) hydroffru tniKsynrl, r.y. coe]izymes-J and -.II (di and tri-jihospho- 
pyridine niicl(‘otid(‘s n‘speetiv(‘ly) (}>. SlI, Fie. ob^); llavin-adenine dinii- 
ch'Otide from tlavoproteins (je 8,>I) ; 

{h) phnsjdtnnflatinH, r.y. adejiosine Jiiono-. di-, and tri-phosphates (AMI?, 
ADlh and .\TP respeciiv(*ly) (p. 842, arnl Fie. bb‘)). 

(v) Macn-pnIffAacvhnrides: found in \ itreous buinour, synovial Iluid, aJid 
viscous secretions ^umerally, and in cartilage, tendon, and bone. These 
(•onvpl(‘X polysaccharides contain (dunu'nvie add ami hernsaniines {(flaeosrahine 
or (jalactnsamiac {ritnndrosantirte)) as |)art of their molecular structure. 
Heparin (p. 144) and clnnalrnifin (the cenientine matinial of connective 
tissue) are muco-]K)lysace}iari<ies which also contain salphale. jrroups ; 
hynlnronie add (a hiehly \iscous substance which can b«* extra,cted from 
vitreous humor, umbilical cord, and skin) contains no sulpha,t(‘. Many 
muco-|)olysaccharides are also c.ombined nion* or less firiTily with api'cibf' 
protdns t o form t he nraen- or yli/ro-profeins, e.y. wadns from east ric mucosa, 
anlerior pitaifary hornntnrs (p. 930), and soim* sera in proteins. Specific muco¬ 
polysaccharides a]i])ear to l»e re.sjionsible for certain antimnic reactions. 

(vi) Galarfolipides {rrrrhrosidr.s): found in brain and nervous ti.ssije. On 
liydrolysis th(*y yield yalartose, t\ fatty add, and a conijilex nitrogenous base 
called sphinyosine ; their function is unknown. 


DISSIMILATION OF OARBOITAmATES IN TISSUE CELLS 

The useful term dissimihiiion has been introduced to describe' all the 
breakdown processes und(*rgone l)y a foodstuff through many intermediate 
stagiLS until the final end-products are reached ; in the case of the carbo- 
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hydrates tlie eiid-])r(>diiels arc ami H.dd. 1dic n|)|)(>si(<* transtc>rma.ti<»ii, 
i.v. the l)iiildiii,L^-u[) of sturairi' and structural materials froiii dissiiuilatioii 
j)rodncts, is tcrnuMl nsxinulatmu. 

Hefoi’c disciissiiiii the prohlcm of carboliydratc dissiiuilatioii in d<‘tail, 
some (‘hcmical considerations must he hrielly revit'wed. 

Enzyme Systems.’ All the mcta]>oric n'actions to l>e divscrihetl depend 
upon th(‘ (‘atalytic activity of sf/xfents. Thcsi‘ consist of a soluhlc 

protein (nizffnn'-proloi h, <//>oe>/://;ac) toLU-ther with various accessory 

suhslanees. jf the latter is a simple \o\\ (c.//. Mii ■ , 1*0./") it is called a ntptctor 
and usuallv accelerates tin' (mzyine action : if it is a complex niyahH', hut 
hO)t-i>ntfciH, siihstanci* it is <*alled a cnrnzfiitir and usuallv acts as an essi'iitial 
intermediate carrier of products of tin' enzyme-catalysed reaction. 'I'he 
enzvme-jmitein is ut'in'ially sjK'eitie i'nr a [uirticular cln'inical reaction or type 
of n*action : a particular eot'iizynu'. however, may act as a carrier in a numlx'r 

dith‘ 7 -ent systems (/.c. it is h'ss specific), (^‘rtain ])roteins (tin* ninjupafi'd 
jjroti'ins) consist (d* a juotein moi(‘ty chemically cond)in(*d with an or^ninic, 
imt Jion-prot<‘in, unit called the prnsfltrfic (fnmp of the pn»t(‘in. \\ ith (*nzyme- 
proteins of this tvj)e, the juosthetic tjroup acts as an intermediate carrier of 
products of the reaction, i.r. tin* enzyme has a “ hiiilt-in ’* eoenzyme ; 
(‘xainples are the Havojiroti'ins and cytoehrome oxirlase (p. sr»l). 

Biological Oxidations. It is characteristic of many forjns of tissue 
i)xidation that the |)r<K‘(‘ss does i/o/ involve the addition of atmosj)heric 
ox\\e<*n to the suhstrate, Init the addifmit of iratvy ( to form a liy 

dratefollowt'd hy dalnfdropvHutioo (n*moval of hydrogen) (-- 211). leaving 
an atom ol‘ 0 attached to the substrate. For a. reaction, a sj)ecifie 

cjjzvnie (a. dcif/phof/OKtsr) catalv.s(‘s the release of* 2ll from tin* “ hydrate 
in the presence of a suitahh* lipdnjip ft acrrpfor, i.r. a (*o(‘nzyme {(’o) which 
unites readily with fin* hydrogen. Kxamph's are the oxidation of j»hospho- 
glyceraldehyde to j»hosphoglvceri(* a(*id (p. >>13) ainl tin* oxidative de(*ar- 
hoxvlation of ])ynivic ai'id (p. SoO), both of which are of the general tyj>e : 

H.,() •*nzvnn* Co 

R CHO ■> \l (11(011), > R (1)011 ; ro.2Il 

■' liydratr" (where H an organie gn>n})ing) 

The addition of phoxjdtorir nrid rather than of water may occur to give 
phosphate derivativ(*s. .Many of tin* reaetions are rrrrrsddr. 

The (*r)mmonest (*oenzyme acceptor for dehy<)rog(*na.se n*acti(»ns is a 
com|>lex d(;rivative of nicotinamide, (one of tin* vitamins of tin* li grouj), 
p. 1()2()) called roriizfjnir-f (Oo-I ; also(*alled cozymast*, or <iif)hosf)hopyridin(* 
nucleotide, 1)PX). Its constitution is shown in Fig. ; it is believed that 
in the ri'diiced form the hydrogen is attacln*d to tin* ni(*()tina.mide moiety. 
Th(*.re is also a correspoinJing tripliosphojiyridiini nucl(*otide (TPN, coenzyrne- 
II). 'fhese aT(* instances of a “micro-dietary” coinfiornuit (nicotinamide*) 
b(*ing indispensal)le to tin* body {i.r. being a ri/aoriit) be(*ause it participates 
in a fundamental metabolic process and yi*t cannot la* synth(*sised. 

Th(? reduced-coenzyme is ultimate.ly n^-oxidise.d by passing its hydrogen 
along a. chain of kydrotjen carrirrs, finally to form water by reaction with 
moh'cular oxyg(*n ([). tSbl), 

' Dixon, Mntli rnzyim. St/.'iltiros, (-Hinbridge, Sunitn'rand Mvrbiiek, The Knzyim's, 

X.Y., llhlO, ]Or»l. 
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Energy Transfer. All ehriiiicjil .rviu-tioiis iii\nlv<' encr^v cxciiaii^cs. 
The energy values an‘ ensioniarily ex|>n‘sse(I in htuit nnils ((‘aloric's ; a 
eheinieal re.Krtion whieli liberates heat, is said to be rjo/hnitiic, and one wliicli 
takes in ImnU is mdothn'mic. However, the energy wliich ean be made ua ailable 
lor the f)errornianee of usel'id work by a eheinieal r(*.aetioii is not always 
e(|nival(‘nt to the heat liberated, irrespeetiv(‘, of the eflieiency of the jn'ocess. 
It is tli(‘ nrailahir {htrf(th(ilir(tlh/-ns(il)li‘) (^ucrtjff wliieli is of iin])ort.aiie(i in 
inel-a.l)olie |>roe(‘sst‘s. Iltsietions releasing usa))le energy are* tenn(‘d exergomv 
and tlios(‘ retpiiring exteiiial emn'gy to be snpjilied are termed eitfJrrfffwir. 
M(^st dissimilation (eatabolie) n-aetions are exergonie. Thus the eomplete 
».>xidatioii ‘j 1‘ 1 g.-mol. (ISt) g.) of glueose to and 11^0 lilanates emngy 

eipiix'alent to (iSli.()()() cal. of heat : in other w(»rds, tin* (*nergv eontenl, oj’ 
gliKMise is ()()() fid. g.mol. abovt* tie' ♦*nejg\’ eont<*n( of its o; 


f adenine 

I' 

I 


l^nicotinamide J 
CONH2 



[hbose] 

I'lo. r»r)g. HH'-I. (l)ipli<)spli<»p\ riuct'oli(lc>, Dl’N) 


prodiiets. To n'versi* the reaction and synthesise 1 g.-mol. of glueose from 
(Hlo and ILjO (as oecurs in ])lants tluring ])lu>tos\nt,hesis), energy lapiivalent 
to (iSOjOOO e.al. must be suppli(‘ii to the system from an outsid(‘ souree. 

A complex molecule has a higher energy content than the atoms or 
simpler moh‘cules from which it is built becaus(‘ of the (‘inu-gy of formation 
of th(‘ chemical bonds which hold it together ; this hond-vnvnjij is lib(‘rat;(*d 
wh(*n the ])onds an* brok(*n. The bond-<*nergy of tin* link lietween two given 
atoms of a moh*eule naturally depends on the struetun* of tlu* whale moleenle. 
This ])oint is well illustrated by reftsreuee to the v(*ry important group ol’ 
organic phosphates, wdiieh have the general formula. ll.P()(()Jl)o, wdiere R 
r(‘f)resents an organic radical dtuived, for (*xamph‘, from glucose, ereatim*, 
etc. (s(*e p. JSJ2). 

VVhen most organic |)hos|)hates are hydrolysed (liberating pliosphoric 
acid), energy erjiiiv^alent to about 2(X)(^ ^(XK) cal./g.-inol. is made available 
as h(>at. In tlu'sc* cases, tin* l>oiid broken is called a low-enenpi phosphate 
bond ; tlie formulae of pliosphates with su(!h bonds are written R—ph, 
wdu're —pli reju’eseiits the pht)spliate group joined to tin* n*st of the mol(u-ul(* 

^ One g.-ralorie (cal.) licat to raise tJie temperature of J g. of water through I . 
One kg.-eahn-ie (Cal.) lOUO <*al, (T. fnotiiote on ]). IlTo. 

27* 
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by a low-tMiorjiV hoiid.^ But wlitMi soiiu' or^^anic pli()s|>liiik‘s (of spcdnl 
struct lira I tvp(‘s) art- hydrolysed, enerjjjy (‘{pii valent to about 12,()()() cal./g.- 
niol. is inaile available. 'I'hest* plK)sphat<*s contain high-mcrffy phosphate 
bonds : their formulae are written l{'^])h, where ~ph ri'presents a. phosphate 
;iroup joined to the r('st (»f the inoh'cule by a ]iijj:h-energy bond. 

'the metabolieally-important ])hos[)lia.t.es of (‘aeh tyj>e an* : 

(i) L(nr-rni'r(/j/: ulueose I phosphatt* and ^ihieose-ti phosphate. ; fructose- 
di[)ho>j)hare ; phospho^lve(‘rahi(‘hyd(* ; nionophospho-^lyceric acid ; adem»- 
sine monophosphate (AMB). 

(ii) IJiffh-t'nctyy: t he second and thinl |)liospha.re bonds of ad(*nosine 
Iripliosphate (ATI*) ; (‘reatiia* phosphate ; diphospho -ixlyeerii* acid : phosj)ho- 
pN iUvie ar id ; aeet.vl phosphate. 

Thus : 


]i|ios|)li(iric ai'iil 


1 low'-(*iiergy 

11(1 P()((»ll)., ' 

IK)—ph 

’ phosphate bond 


rr(*atine 

Cleat ine-^pli 

1 high-ent*rgy 

phosphatr* 

(full structure 

Fig. b7t), |n S‘)2) 

pliosphab* bond 


adenosim* ; 

adenosine—pli 

j 1 low-energy 


nioiioj)hosphat(! 


I phosjihate 

bond 

(A.MP) 


i 


adenosine 

adenosim—jdj—^jih 

j 1 low-energy, 


difthosphate 


J high-energy 


(A DP) 


jihosphate 

l)ond 

mleiiosine i 

adenosine—ph-^ph ^ph 

1 low-energy, 


triphospha.te i 

(full structure 

1 2 high-i‘nergy 


(ATP) 

Fig. b53) 

phosphate 

bonds 


ItuLK OK IJ iuh-Knkk<;v Bhosj’HA'i ks. These hi;^h-en(*.r^y phosphak's an* 
important in nn-t a holism for the followinii reasons : 

(a) d’h(*. phosphate* ^n-oup may be Iransfcrml directly to anotlu*!' organic 
mol(‘(Mili‘ wdlhout much of the high energy of its bonding being dissijiated as 
lieat. The prodind- is a /jho.sphon/latrd molecule ; it may or may not have a 
high-energy jihosphatti bond, dejiending on its structure, but it has a total 
emngy content (*x(a*eding that of the non-])hosphorylated molecule by 

^ 'IIh* syinhol ph tor ]»}i()splifite is not to be confused with y/H (log of hydrogen-ion 
ooncrMitration (p. SO)). 
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si.:^ 

‘5(KW) 1'2,(KM) cal./^.-Jih)!. K\;nn})lfs jin* tlu^ int<'raotion of ATI’ with ^rhicosc. 
(p.sir,) 

ulucoso - ;oh*no.sino—jih-—^])li—'j)h 

(ATI‘) 

(rjnoosa—pli -1- juienosinc—j>h^[>li 

{A DPj 

and with cMoatifK* (pp. Ti!!, 

Croat inc | adoiiosiiu*—j)li^])h^ph 

cnailiiio-wph -j adoncisino—pli-^ph 

(crcaliiif' plio^nhntc) (ADP) 

It iniist auain l)o (‘inphasi/aal that a. tnolocido foniHal hy ])hospliat(‘ transfor- 
o-nco froni a fonip(Mind with a hiyli-taiortry phosphat(‘ <jroiip doos nuf mTcssutrilff 
Imre (I /ufih-rnerfiif jihnsfthdfr iftoup tlxnij^h th('. vviiolo inolociilc is lajsod 

U) a hi^lnnciioruy level ; only thospe(.*iaI phos})haU* sti nr-tures listed previously 
ha\e liieh enorey pliosjihale bonds. 

(/>) If the ovt'rall dissiniilation processes of intd-aholism an* imitated in a 
test'tu}»e, tin* lilxuated (‘iierey is dissipat-ed as heat. In the body, this enerLry 
<»f dissiniilat ion. instead <if imm<‘diate]y bein^ lost, as Inail, is nscal to sffittl/eslsr 
ennt poK Oil'S (itofot Of Off fi tff/i-i'orrfjff pltosplfolr hoods [c.ff. ATP); these com¬ 
pounds are ston’d, and tlie (Mieriry ’* loeked-up in tlxMii is utilised as 
required (see (c) Im.'Iow), The m<-chanism of the pnaa’ss is believed to be as 
follows ; pl.iosj»hare compounds (’ontainine Ifor-rnnpif phosphate bonds 
undergo reactions (usuallv oxidaiions) t hat-convert ( hem inln other tlerivatives 
cimtainintr Inff/f-fOirrffff phosphate bonds: tln‘ resultine jdiosphate epoups, 
with their attendant liich energy, are then used \o ph(.»sphoryla.te AJ.)P, 
eivinu' ATP. The eneriiv of the dissimilation has thus beeti " channelh’d ” 
into tlie pi-oducts <»f the reacti«m. For examph*. the <lirecr oxidation io vitro 
of [)hospiio”lvc('raldehyde t<.> phosjiliotrlyccric acid liberates eiieray as heat ; 
but in the bod\', this sta^c of tlx* dissimilation «)f carbohydrate proci’cds thus 
(see also p. SIS) : 




OH 


i- HO—ph 

/ 

/ 


> 

j).h—0.011 

(phospho^lyeeraMeli vHc) 

(|ill(»s|)lun’ir JH-id » 

ph 

oxidalioo 
( -211) 


i ADP 


ph—(TCUOll 

< - 

ph—O.CO.O---ph 

(|)l)()S|)lio-ii:lvc<*n’c acid) 

t- ATI’ 

(usahle eiier^V' as 


(diphospiio-jilyccric acid) 

A DP ta,kes up the '---^ph to form ATl’j 

|(J= -OCHa-CHOH 1 


(c) Hijrh-eTiorji;y filiospliate af)f)C*ars to be the vole source of energy tliat 
(Mills can us(‘ directly. Tt is use(i : («) to clTect chemical synthesis ; (fi) to 
perform work (miisc.uilai-, osmotic', secretory) ; (}') to liberate heat (by 
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y(Jn>lysis) (maiiitiiiuiiig (1 m‘ IkhIv tein})<‘ratinv. l)ut thereby dissipating the 
letabolir ener^v). The energy of niuscle roiitraetion is Ixrlie.ved to be 
erived direetly from ATP (p. 429). 



Structure of Glucose, Fructose, and Glycogen. Tlie struetural 
fomnila of glucose is shown in Fig. 554. It <*ontains a pt/ranose ring systcnn 
(5 C atoms and I O atom) ; the h C atonis of glmmse, iiiimb(‘red from (I) t.o 

(b) as sliown, carry hydroxyl (.OH) substituents and (^an form phos[)liate 

esters (■■ 0—ph). 

Fructose (an isomer of glucose) also contains a pyranose ring, but its 
])liosj)liate esters are deriv(‘d from a modified, m»)re n‘active,/amaasr ring 
system ( I C atoms and 1 O atom). 

Glycogen consists of many hundreds of glucose units linked together 
(with elimination of the elements of water) through ffluroftide linkages 
(C 0 C). The linkage may be. between C^) of om* unit and of an 

adjacent unit (a I : 4 linkage) giving a straight chain, or between of one 
unit and (\j;, of another (a 1 : b linkage) giving a branched arrangement. 


CH2OH 

®c-o^ 


Hy y • 

®/s» 

®r 


V® 

OH 


conventionally 

represented 


HO 


CHsOH 



OH 


Kk;. ,■).>!. 'I’he iStructurc of (jllueest*. 


B»>th types of linkage (and |)Os.sibly othe.rs) occur in glycogtm, which is thus 
a large rarnifh'd molecule (Fig. 555). 

Uptake of Blood Glucose to formGlucose-6-Phosphate. Hexokinase 
Reaction. (1) Glucose is not directly metabolized in the body. It is first 
raised to a higher energy level (and thus “ taken into the metabolic 
machinery of tissue c.ells) by conversion into glucos(i-b-phosphate. This 




(;lm(’()se uptakk. iiexokinask UEAcrroN 


CHjOH CH2OH CH2OH 



OH OH 

I’h.;. r>r>r». Slructun^ of (ilytrofTcn. 


iiptjiko of ])}iospliat(‘ is jihosjUtoti/lafion,^ not to be (•oiiruse<l with 

])liosy>li<)roly.sis (so<? p. 817). 

Th(‘ responsible eiizyin<* is ealled hexnkinaae : it “ speeifieally aetivaies “ 
the glucose incilecule to ree(*iv<» ])hosphate from arlenosim* tri|:>bosy)haie 
(A1M*), thus : 

glucose -f atlenosine—j)h^ph-^ph 
(ATP) 

hvxokuntHe 

-► gIucos(‘—])h : a(iem>siue—ph^ph 

(glucose-U- (A DP) 

phospliiit<‘) 

(ihicose-r>-pliosp)iate lias a Iovv-(*iicrgy phospbat(‘ bond ; but since tht‘ whob^ 
inol(‘cuh‘ is at a liigli(*r oiergy level than glucose, tlu‘ hexokina.se reaction 
is inrccrsihlr. Fr(*e blood glucose is r(»generated (mainly in the liver) from 
glucose-f»-pliosphate by direct hydrolysis^ under the influence of an enzyme, 
jdiosphafasf' ; this rc'action also is irrerrrsihlr. 

glucoso-O'phospliatt* { water 
yhos'phatasc 

- ^ glucose t piiosjdiate (-[ (uungy wa.st(‘d a.s heat) 

It has been suggested that the (‘fleets of anterior })it uitary factors, adnmal 
corlicoids and insulin on glucose metabolism may be dm* in y)art to their 
influ(*nee on the hexokinase reaction (pp. 913, 937). 

(!2) If ATP is to continue to function as an vneryy donor in the liexokinasc* 
r<*action, it must be steadily r(‘-forined by the [diosjdiorylation of ADP. In 
muscle, the necessary liigJi-energy ]>hosphate groupings (^ph) are })rovided 
by the ston'd creatine })lios})hate (pj>. 429, 893), thus : 

creatine/^pli + adcuiosiiu*—pli-->-'j)h 
(ereatim; phospliate) ^ADP) 

;F^creatine adenosine—ph-^pli-^ph 

(ATP) 

(3) ” tlie level of glucose-()-})hosphate, the metabolic hist(n*ies of 

glucose and glycogen are identical. The energy hovels of glmiose-G-phosphate, 

' (T. pliosphorylation in the al>ttorx)tion of gluc<»so from tlu» intestine (p. 83H) ami tije 
nmal tubnh*. 

" This resonuMing ttTin, “ activates.” givt‘s the impression of (conveying meaning witlmnt 
of course explaining whai is as yet not iinih*rst<iod, i.c. hoir the enzyme really acts. 
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S4(» 


irliicoso-1 “phosphate and aro apprnximaioly tlir s{i.na‘, and t lius tlicir 

(nizyinic intorconversion is reatlily rcvcrsildc. 


Muscle or Liver 

GLYCOGEN 


Blood GLUCOSE 

ATP 


+ H3PO4 
[phosphorylose] 

® ' 

[hexokinase] 


GLUCOSE -1 - PHOSPHATE 

I® 




GLUCOSE-6-PHOSPHATE 

I® 


1 - 


Initial 

Utilisation 

FRUCTOSE-6 

oF ATP 

1 




FRUCT0SE-|:6-DIPH0SPHATE 



2 PHOSPHO-GLYCERALDEHYDE 



r»50. 'J'lu* Dissiinilatiofj nl’(JlycojYcn aiifl < 1 !'(I’Jiu-osf tn l*\ rii\ ic Aci^J (sc** pf>. S47 SIS 
I'oj* (lcsc»i]>fioji ()!'the n'acJions mi?iil«*r<*d.(Uia^rara l»y .1. I>. Jcpsori.) 

Glycogen Dissimilation. Ti is ocncrally accepted that (h*^ hnnid plan 
of ”lyco|^(*n dissiinilation has heen t*lii<;i*Iate<I, Inji maiiv of tin* detailed 
prof)lc!ns are still uiisoUcd o? <‘ven unin vest i.L^a ted. Tin* eoneliisions tliat 
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follow a])j)ly irniinly to ])Joccvsst\s in sk(!l(‘tal nm.sclr* utkJ liv(‘r, but probably 
siinibir (•lia.jj<^(‘s occur i]i otlicr tissues. 

Tlic (lissiinilation occurs in two main staL^cs : 

(A.) Tli(‘ lirca,k(lown of ixlyco^^ui (or of irbicos(‘ via clncnsc-r) phosphate) to 
pyruvic acid. 

(B.) Tlic further traiisfoiinations of pvruvic af-id. 

Fie. obO shows 1-he known steps of sta^e A. 

(A.) Glycogen or Glucose to Pyruvic Acid. (1) (.’LvctujKN-j^tinrcosr.- 

l-PnosiuiA'i’K (proc(‘ss : : enzymes: p/iosjihitri/lasrs : reaetion 

is reversible). Phosjdiorolysis involves splitting tin* ohi(.,,side liiikaecs of 
fllycogen by orthophosphoric acid (lI.JMbo H 0—ph). attachine ()—])h 
at (\j) of one unit, and JI— to the adjacent unit (Fie. bbT). IM]os]>h()roJv.sis 

Gti^cogen chain 



I 

+ ! 

ph-0 4H 



^ ^ phosphorylase 



CHoOH CH 2 OH 



OH OH 


glucose - I - phosphate 

Fi<;. .V»7. 'rtu* PlK>sph<»r<»lvsis <4* 

(»la<'(>.se-l- Phosptailc. 

should be compared with hydr<dysis, where splitting is ac(‘ompani<‘d by the 
addition of the elements of watrr, H O U (rjf. tJje hydrolysis of starch or 
glycogen by amylases). INiosphorolysis differs from hydrolysis in the follow¬ 
ing ways : (i) hydrolysis liberat(‘s energy as waste lu'.at; ])hos])horolysis 
gives a. ])roduct (in this case, glucose-1-])ho.s])hat(‘) with approximately the 
same energy level as the substrate (glycogen) ; (ii) hydrolysis is usually 
irreversible because of the ene?-gy chajige ; jdiosphorolysis is reversible. 

(2) Gu;(X)SK- 1 -l^iospnATE-->GLi;rosE-r)-rnosj'JiATR (proc(‘s.s ; intra 
molecular pitos/ihafe transfer ; eiizyiiK* : phosphogluco-ntutasc ; r(‘action is 
reversible). The low-energy phosphate group is transieTred from (^(,) to 
C(g). The metabolic paths of glycogen and glucose join here (see p. Sj.b). 
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(3) (iLrcosK-lt-Piiosi’iiA riv ►KRiU’TU}SK-()-l*H()srHA'i’i': (|h<>i (‘ss : Isiniu’tiza- 

fioH : is n*v(M‘sil>U‘) ; its signiticancr is unknown. 

(4) FRr(’T(>sK-(»-Piiosi*HA'i'K-sFRr(’T<)SE-l : (i-DirnosriiATE ([)itK*t*ss : 

phosplKfriihition), raisini* the inol(‘Ciilo to a Inulior level, utilising a 

lii^^Ji-eneiuy j)}iosj4iale hond (-^pli) from ATP. 

iVnetos(‘—pli :nl<‘nosine—ph^pli-^pli 

► Jill—iViielose—ph adenosine—pli^ph 

(o) Fiaa’rosE-Djeiiosi’HATE—Viols, of Triose PnoseiiAiE (process: 
ch'urfujr ; enzvTJic : zipnnlt(\ntsv : reaction is reversible, litth* energy clian^ie). 
'Idle triose (d V) coniponn<l phftsftluhiihfrcraUU'lHfilt^ is ulliinately fornied. 

(d) pHosriiodlLYi’EHAi.DKiiVDE v]*H()scno (1 i.vcEKK' .Vi ii). Tlds re¬ 
action can he considered as occinTin<r in three slaj^es (hypot hetically-distincl. 
see section on ]dinspliat(‘ enerjjry, p. 'Sl'i) : 

(a) fihosj)lioglyceraldeliyd(* • ll.jPO, diphosphoi>iyc(*rald(‘hyd<*. 

(h) diphosphoglycerahlehyde - Foenzynie-l (Fo-1) 

► diphosjiliotiiycciic acid ► (’o-1.2U 

(c) dijiiiosphoejyceric acid adenosine diphos|>hat(‘ (AI)F) > 

})liosplioelvc(‘ric a(‘id adenosim* t ripliospliaie (.\TP). 

Staue involvi's the non-en/vinic mhhluni nf phthsp/fftrir nvnl to phosphn- 
irlycerahh‘hy>le. Tlie pathways for elin'ost* and (/hfirrnl (tVoni fats) join heie. 

In staji'e [h), (lcJnf<lr<Kirhatiirn of the addition product occurs (enzyme : 
iritm'-pintsjihdtt' (Irhydroijvtnisi ) to trive diphosplj(»elyceric acid, which has one 
(»f its jihosjdiate er()ups ass(»ciate<l with a hiyh-cinnjif Itoml. The hydrogen 
from the dejiydroecnation is (lassed rlirectly to nnntzifntv-l (Fo I) (see Fi;^. ootj, 
p. Slti). It miirht he thought that the siMpnaice (d‘ reactions d(*scrihe<l 
alaive would have to stop when all tlie coeii/yme-l (Co I) had h(‘en reduced 
to Co-1.‘211. llowi'ver, it is permitted to ci»nlinue because the reduced 
c()enzyme is ivn.ridisnl by t ransreirini! its 2H eithei- {a) direct Iv to ptfruric 
acid (under aiiicrobic conditions only, sec below), or (/>') through a chain of 
H ((rrcjtfors until it is iinally dispos(‘d of by nnitinii with molecular o.\v;jl(‘n 
to form wate]- (for details, s<*<‘ p. SbJ). 

In staev (e) the hieh-enerey phosphate ^ruiip ol' diphospho^dyceric aciil 
(together with its encrjiv bond) is fnntsfrncd to a timlecule of A 1)1*, raisiiie 
it to the higher emuRV level of A'lM*. The enerjiv liberatisi in jiassine from 
phosphonlyceraldehydt* to jihosphojilyceric acid has thus bi'cn retained within 
the syst(‘m atid used to synth(*s.ise ATP from .\I)I* and ])hos]diat(*. 

(7) PHost’iio-dLM’ERic Acio—>► Piiosi’Hu-PvRrvt(' A(’Ti> (|)roc(‘ss(‘s : rr 
arranyrHtn/f, foliowf'd by dfln/dration), Phosphopyrux ic acirl has a hiyh-ent'rytj 
jthosphah' bond ; phospho^dyceric acid has not. 

(S) PHosfiio-PvHt’vn’ A(Ji)->PvKrvic Acid (process: Imnsfcrrnrr of 
hiffh-cHfO'yy phosphate from phosphojnruvie acid to ADF, {iivin^ ATI*). 

It should b(? remembered that each jilucose unit of ^lycoecn j^ives rise to 
two molecules of triose and subseipnmt products. Thus the dissimilation of 
one fducose unit, of elyco^en to two molecules of jiyruvic acid triMunates enerjiv 
siiflicient to be bound ns four hieh-iuierf^y ])h(jsphate bonds in four newly- 
formed ATP molef'ules (two formed at step (>(c) and two at st(‘p S). Put 
one ^])h from ATP is used (in step 4) to raise the. energy content of tin* 
reactant to a level hieh (‘iiou^li to initiate the chain of dissimilation rea.ct.ions. 
Therefore the net ndease of jnetala)lically'a vailable (uier^y is three hlyh-enerfiy 
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phusphatr hnmis (apjirox. ;5r>,n()0 ral.) per jr.-iiK.l. ol' ^rhiroso. If' tlic 
Sturts irorn fn*(* hlood glucose*, tin* nvt is only ftn) hifjh-encnjtj phafiphale 

hands, since the ~pli of one A'l'P is used in th(‘ h(‘xokinMS(* rejietion (p. SM). 

(B.) Fate of Pyruvic Acid. -Pyruvic ucid, VU.^.CO.VOOW, is a key 
substMnc(‘ in nudaholisin. If is a nn-taholic stajjre ^vlliefl is reaclM*d by all tin' 
foodstuffs (/.c. protdu and Jut, as well as carlxdiudralr) rithvr dirrcllt/ or through 
connuou iutcniirdlatrs (see Fi^s. ;V).S, ofi'i. nfV.f). 

(1) (!(>NVKj{sn>N OF Pviu’vn’ Arun to J.actic Acid. This (‘onversion is 
of iin])orlanee l)eeaus(‘ it occurs in sk(‘le1al muscle workin^^ under conditions 
of absolut«‘ or lolalive c./////cc /nr/;, rap in isolat(‘d nniscle crmtraclin^i in an 
a.trnos}>ii(‘rc of nitrou(Mi, or in workiiiL^ muscles during maximal exercise. In 
the prrsr.ncr of adc<piate oxyircn supplies, y/o larfir arid is fannrd ; p^'ruvic 
acid is l)roken <lo\vn through complicated intenm'diate stef)s to (M).^ .md ITA) 
(p. and the reduced coenzyme ((V)-1.211) is steadily reoxidisrd to Co-1 

so that if can (jontinue to 1‘nncf ion as hydrogen-carrier in sta'^t* A. (Oh). In t he 
ahsrnrr, nf a.de<piati‘ oxy.Lnm supplies all the (’o-l would soon be [)ut out of 
action as it would all have Immmi conx'crfejj to th(‘ r(‘flue(‘d I'onn, (V)-I.2H. 
Hut ill these circumstances, pyruvic a<‘id acts as a teiuporanj // rarrirr (actine 
in plact' of the molecular o.\ye«*n which is not availabli*), i.r. pvriivic acid 
drhpdroijrnatrs (oxidizes) th<‘ (reduceil) Co-1.211 back to (o\idiz(*d) Co-1 : 
the latter can then continue to a.ct as liydn»,ti;en carriei- in th(‘ em‘re:v 
mobilizing reactions leading to the rormati(»n of more pyruvic; acid. Thc' 
j»yruvic acid itsc'lf is naluccMl to larlir arid, 

(\el.2li C11,,.C0.C()()1I i\>] Cll,.CHOH.(m)lf 

pyruvic acid. Iai*tacid. 

Thus under anarrohtr road if ions, all llie muscle ^dyco;r(.|i can b»* brokem down 
into l/a:fir arid to yield ennu’ey witlmut the Co-I bcnnir cotnpletcly saturated 
with M and so put out of act ion (Fi<;. bbt)). 

The reacdioii pyruvic acid- lactic^ acid is rrrrrsihJr : the sain(‘ enzyme 
and coenzynie are invoivcal whicluA'cM* way the reaction is moving. If a 
musch* Ajrmine lactic acid is rc*-su])pli(‘d with (‘iioueh oxyacm, or the lactic, 
acid circulates to a jioint of greater oxygen availahility, the reaction is 
reversed and lactic acid is reconvmted to pvruvic acid, thus : 

rn.,.rHoii.(A)()ii . ( o-t ' (ti,.(H).(’()()II ; (v>-i.2ii 

r()-'l.2ll V (Nel ; 211 

211 (throiieh many intermediate carriers, s(‘i‘ p, Sol) mol. () - > 11^0 

The enzyme conceined is called inusrfr larfir drliydr<t(]rnasr simply because 
it has been mainly studied in the lactic acid vpyrus ic acid din*ction. When 
the <mzynu* is catalysing the rev(‘rse reaction it is catalysin,^ the addition of II 
and would be num* approjirialely called a hydroyrnasr (luit (*nzyme term¬ 
inology must be ta.k(‘n as it is, with all its imp(‘rfections). 

It is important to realize that tlic details of elyeoeen dissimilation down 
t.o pyruvic acid st‘t out in A (1)- (8) al)ovt^ com<» mainly from exiieriments done 
und(‘r anaaohir conditions, i.r. conditions under which only lactic acid, ami 
not pyruvic acid, a.[)pcars. On the wliole, opinion favours the vi(‘w tliat the 
stages in the anobic pathway hniding to jiyruvic acid are the same as the initial 
stag(*s leading to lactic acitl, i.r, tluit the scheme is followed oxidatively as 
well as anau‘ol)ically, but th(*re is no certainty about this ; alternative path¬ 
ways from glyco^^mi to jiyruvic acid may ])lay some jiart. 
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(2) Dissimilatio.n' ok Ovurvir Acid to COj, and Tl.^O. Mivha}iism of 
(Y >2 ForntafioH. l>rrarhoj'i/l(ili(Oi.^ It lias hccn (‘inpliasizcd that inolocular 
oxygon (loos not unite' diri'otly with hydro^c'ii of tho substrate, but that 
tho hydrojien must jiursuo a (•oiii])Ii(*at«^(l route to n'acli nioli’oular oxygon to 
i’orm water (]». Soj). Lihowiso, inolecnUtr (Kri/f/cn verer tnufrs dnectif/ With 
carbon of the sabs/rate to form carbon dioxide, is always lilau-ated liy a 

jiroooss ol‘ onzyniic dccarbnxjflation, i.c. (’Oo is split oil' from 1 h(‘ carboxyl 
grouj) (—COOH) of iii 1 (*rniodiate organic a(*ids. 

The details of these roae'tions an' obscure*, but the' following points apjiear 
established : 

Decarbevxylation may be eitlier nonoxidative or oxidative* ; 

(i) lS(m-o'xidatin\ i.c. (H)., alone* is sjilit off, thus : 

crbj.t o.cooii V (‘u.i'Mo i CO. 

pyruvic acid. ace'taldeliyde 

(ii) Oxidative^ i.c, in addition te) tJie liberation of dchf/dntffcnation 

(oxidation) also occurs, thus : 

CH.j.CO.COOli U,/) ; Co > (’ll.j.t'OOH i CO. Co.211 

pyruvic acid. ecoeir/yinc) a<*ctie* acid. 

Oxidative decarbo.xylat ion is irreve'rsible* ; it gein'rates energy wliich is bound 
as the higli-energy pliosjdiate bond of AITb anel re([uir«‘s the* ])res**nce ed‘ a 
hyelrogen carrier (usually (-eel). A further coenzyine*, cocarboxf/lasc, is 
reejuired for both ty]H*s of eiecarboxyiation ; cocarbox\lase is a phus]»hate‘ 
derivative* ni' (na urin (thiamine, vitamin -allot her e*xample of a \'itaniin 
partie'ipating in a fundamental enzyme* system (|>. hi 2 b). 

The first dissimilation re'action of pyiuvic acid is its oxidative de*carl)oxy- 
lation to acetie? ae'id and ; comj>le*x changes, inf'luding two rurtlie*!- 
decarboxylations, follow, and ultiniatedy all the* (’ eel* the* substrate is libe*rateel 
as CO 2 (Fig. 008 ). 

('O 2 Asshnilation .— Some* non-oxidative decarboxylations are* rerersiide, 
i.c. the enzymes involve*d can catalyse (’t). uptake (assimilation) as we*ll as 
liberation. "Ilius the folh)wing imjiortant redactiem ol' pyruvic acid is 
known to occur (enzyme : iLcarboxt/lasc), gi\'ing oxaloacetic acid : 

CH,.C0.C00H r <-<>2 COOH.CHs.f^O.t’OOlI 

jjyrijvic aciet, ejxjdemeiertic acid. 

CO 2 is not always a final waste jirodiict of me*tabolism ; it may be* use'd as a 
molecular Imilding niaterial, as in this and many other examples (cf. urea, 
]). 887 ; purines, p. 8b7). 

Details of Fyrnrie Acid J)issimilafion. Tricarboxyiie Arid Cycle.—\h\e 
might have* thought that jiyruvic acid would simjily lose* su(*cessive* C atoms 
in the form of COy, as set out above. But the neu inal route of dissimilation 
turns out to be a. (juite unexpected find conifilicated one?. The route* is as 
i'ollows (se*e Fig. 558 ) ; 

(i) By a proc(*ss of (.’Og (i^-'^itnikilion (carboxylase reaction) one molecule, of 
pyruvic acid takes up one molecule of CO.^ to form oxaloacetic acid ( 1 C ; two 
COOK groufis - : a dicarboxylic acid). 

(ii) Another molecule of pyruvic acid undergoes oxidative decarboxylation 
to acetic acid ( 2 C ; one COOH groufi). 

^ Ochoa, Physiol. Uev., lUoO, iil, all. 
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(iii) Tiie acc'tio acid idicn unites wilJi ilic* nxaloacctic* acici to fonu a 60 
coiii])Ouri(i witli tiin!c‘ (^OOII <i;roii|»s, i.r. a trLCinboxylic (iiriil, almost certainly 
citric acid. 

(iv) By means of two dccarhoxylations and reflated oxidations, this (K- 
acid is d(‘^rade.d throu*};!! a. r>(’ comjiound to a compound. 

The et/invalrhl of tlie three (' atoms jiresent in one* of the of ij>inal moh‘CuI(*s 
of pyruvic acid is thus convcu'tcMl into, and iriven off as, thrc'e molecules of 

co^: 

(v) The JO n-sidu(* (from tin*. <»(/ ecunpound) is oxidized back into oxalo¬ 
acetic ac-id ; the latter (as in (iii)) unites vvitli a scroud molecmh*. of acetic acad 
(from anotlicM- mol(‘eul(‘ of jiyruvic- acid) to re-form the, 60 acid, and so on. 

whole jiroc-ess is thus nfi Ucat^ with oxahaicc-t ic* acid acting;catalytically. " 
(The above* stc‘ps an* indicated in Kin. by the appropriate* numb<‘rs.) The 
syst(*m, whii'h has lMM*n demonstrated in many tissm*s, is variously lab(*Iled 
the trivftiinu tfllf avtd the rihir arid r/frh\ c»r t hf* I\rrhs rifclc.^ 


GLYCOGEN 



loo. .V)S. Th«- Kicits Citric Aci<l (Vclc (cl‘. lous. o.V.i, oUU). 

(Iliimram to -L IL *l<*|»snii.) 

The atrucd.ur(*s of soim* of the known intermediates of tin* cycle are shown 
in Fifi. 559. The citric acid cycle is, ]>ro]>erly speakinn. a siisicm of enzymesy 
not of substrates ; how(‘V(*r, it is found conveni(*nt to think of it in terms of 

' Aft(*r H \ Ki'‘l»s w Im oricinallv |»n»|Mainilc(l. ami luiiial experiiaciilal evidence foi-, 
tlie system, ‘'hlis investi^L-dor alsr. His name In aimtlicr cyclical cir/yme system 

tla‘ KrvJis iimt ri/dc (]>. SSti). 
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sul)strates, since most of the individual enzymes concerned have not l>(‘en 
isolated. 

Each time tlie circuit, is (‘om)>lcted, one moh'cule of ])yruvic acid 
(OH^COCOOH) is dissiinilated, molecules of (H)j, arc evolv(‘d and 10 atoms 
of 11 are ])assed to oxygen (o ()) via cocnzyme h.ydrojrtm acceptors ; tin* 
cycle only acts und(‘r (vrohir conditions. 

During this process of dissimilation the total energy of oxidation of tin* 
pyruvic aci<l is made available*. Thv etierfiy so rvlcosoil is houod as the hiejh- 
(‘aeryij phos/ihatr bonds of neivly formed ATP : fin* iiicchanis?ns a?<* pn‘snin* 
ably similar to those operating during the hreakdown of glncf)se to pyruvic 
acid (p, S4S). It is found that the complete dissimilation of 2 inoleenles of pyraeir 
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ar/d (i.e. I ylneosr unit) results in the formation of approj'imate!y 40 hiyh-eneryy 
phosphate bonds (ID woleeales of A JP), or more than ID times the eneripf ifield 
if the breakdown from yhirose to pyrnrir arid, 4’hus the ferobic pbas'i*' yn‘lds 
10 times more (*nergy in useful bum than dta-s tin* amerobic pliase. 

The cycle is jirohably unidin*ctional as shown ; (;ompoin*nts of tin* cycle 
ean '‘escape " as pyruvic acid hy reversal of the carboxylase reaction, step 
(i), Kig. boS (see (4) below). 

(3) Rk(!Onverston ok PvKrvn* Arm to (inrcosic or Glvc^ookn. The. 
(iissiinilation of glycogen (or glucosc-b-])hospbate) down to pyruvic acid is 
reversible.' Thus j)yruvic acid (or any earli(*r intermediate) c.an he rebuilt 
into gly(T)gen or blood glucose (ylucoffenesis). The dissimilation f)roc<*ss 
from glucos(* to pyruvic ac.id liberates (Micrgy ; therefore tln^ rev’erse process 

^ 74ms is not to say that aJI the indivirJua.] enzyme^ roiKitions are diroetly rrvorsilde 
most of tin'm are, ami “ hy-[)asses are avaiJaiile for the ofiaTS. 
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(►f ;,Huco^^erH'si.s (vvhicli occurs inuinly in tin- liver) will rc<|iiin* an ccjuai anioiiiil 
f)!’ cnerr^y to he supplied hack. This ener«ry is provided hv ATV ; this suh 
stance whkdi contains hi<,di enerjry phosj)h5itc j)()nds has itself hcen hiiilt up 
from ()th(U‘ encr^ry-liheratinj^ rca(*i,ions, v.jj. from th(‘ rompJeh' oridafion in the 
liver of a small projjortion of the available pyruvic a.ci<l. The complete 
oxidation of‘2 molecules of |)yruvie acid or hu'tic acid provides enou«.di cn(‘rav 
to reluiild lO mohaadcs of ])yruvic acrid into 5 mohaailcs of ^ducosca 

(J) Utilization of Pykovk’. Acao in Pkotkin and Fat Syntfiksis. — 

(i) It will he shown (|). <S8S) that many ( UHnut-aruls aftca* dcMUiinaticm are 
transformed directly or indirectly into acids which participate in the Krebs 
cycle (Fi^. boS). In this way they “ uo n,und the cycle " to form oxaloacetic 
a.cid and are cat her dissimilatcal or cdse lmyc jiyruvic acid, and so may 
ultimatc*ly bc‘ built into ^dycof^aai or ^luc'osc*. 

(ii) OonvcM-stdy, tlic‘sc constituemt acids c»f the c-ych' (formed from c.arbo- 
hydrate via pyruvic acid) may be aminulvd (yjain Xll.^) to form amino-a-cids 
whicdi may them be used in inudein syntlic‘sis, thus : 


fiyruvie 

acid 


(■iL.UOOII arninatiejn (UL.UOOlf 

I - -± j j)rotc‘ins 

CO.UOOH deamination CH(NiJ 2 )CX.) 0 H 

oxaluHcclic us])artit; 

aci<i acid 


(iii) Similarly, carbohydrate \u)d faf. mcitabolism havc‘ a common nmetinti 
point in the Krebs cycle (Fi^. bti'i). IVruvic*. aedd is oxidativedy decarboxy- 
latecl to ac'c‘tic aedd (j). <SbO) ; acc'tic*. acid (or some closcdy redated 2U cronipound) 
is also the cdiief produert. from fatty a.cicl oxidation (p. S71), luin^iij^ fat into 
the carbohydrate* pathway. Tin* revc'rse reaction will synthesize ia.tty acid 
by c*oml)ination of aeetic a.c*id units obtaiuc*d from pyruvic acid (p. 871). 

(iv) The (flfjcerol for coml)ination witli fatty acids to give neutral fats 
can also l)c* syntlic'sised from carbohydrate*, by the ri'ducdion and hydrolysis 
of phos])h()glyc*(*raldehyd«*, an intc‘.rmc‘diatc*. on the* chain of inactions from 
glucose; to jyruvic acdcl (ji. 818). 

In tliesc* ways, protedns, fats, and carbohydratc*s arc; interconvc'rtible. 

Common Metabolic Pool. —The* cducidation of the*, metaholic pathways 
of the* three main groii[)s of foodstuffs and body c:oniponcmts has lc*cl to the 
following important (*onee[)tioii : that, after initial modifications in the first 
stages of metabolism, the* carbohydrate's, protc'ius, and fats bccoine incor- 
porafvd inf a a si/stcm nf connuon carbon fraff menta no looffcr dislinguishabkt as 
to oriffin. This syste*in is terme*d the ''common mclabolic pooL'" and is basesd 
mainly on the citric ae*id cye-le. Varie)us re*versible and irreversible; processes, 
forming otlH*r cycle's, goYe'rn the e)peratioii of the central metabolie; system. 
If one type of fragment is lae-king wbe*n ne*edeel, or is present in excess, them 
a})propriato eycles are set in me)tie)n in such a manm;r as will |)roduce that 
fragment, or dissimilate it. 

The entry and exit of carbediyelrates, fats, anel pre)te;ins to and from 
the*. ‘‘ common metabedic pool ' arc disciisse;el above.; and em p}). 871 and 887. 

Similarly, each distinct reversible metabolic cycle constitutes a “ body 
pool ” for a giv"(;n compound, c.g. the boely glucose pool, the amino-acid 
pool; tlie use of isotopically labelled molecules has ce)ntribute;el largely 
to oilr knowledge? of these; metabolic cycles (p. 908). The size e)f an indivielual 
pool can be measured by an isotopic dilution teclmieiue. The amount of 
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substance thus measured is not soltdy the amount of IVee sul)staiice (listril)Uted 
throughout the body but also inclmles the amoimi winch could be manu¬ 
factured reversibly by t he o|><‘rat ion of otlier cycles. For (‘xample, the *’ body 
glucose pool ' would iiiclud(‘ sonu' portion of th(‘ liver glycogen as well as 
all the free glucose of tlie body fluids. TIk^ meaning of tlu' word “ pool is 
thus d(‘ternuned by the measurement technifpies that are employed. 

Transmigration of Hydrogen to Unite with Molecular Oxygen to 
form Water. AVhen avc took tenijtorary leave of tin* hydrogen released 
from various substrates l)y the action of dehydrogenases (pp. SIS, Sr)‘2) it 
had be(.*ome attacln^d to a coeuzyme hydmgen acc(‘pt()r, namely coenzyme-l 
(1)PX) (or ill certain cases, coenzynH‘'JI (Tl’X) (jr a ila-vin (see below)). I'he 
subse(jucnt transh'r of hydrogen to molf‘cular oxyg<m inx'olves the mediation 
of a Jlarojnufrin, and rtf/oihrotur oxitftfsr. a grou]» of substances 

show’n by tin* sfiectroscojie to be widely present in cells. 

Fla voruoTKiNS. -These are enzyim^s winch catalyse tin* fnins/rr iff 
from reduced-coenzynn'S to tlie /tntsl/tdir (fmtrp of the enzynn* 
([). S4t>). This prosth(‘tic gnaip is a y(‘llow ])igment calk'd Jldrin ((»r more 
exactly, flavin adi'iiine dinueh'Otide, FAJ)N) ; it is a derivative i)\‘ rihftjlavin 
(vitamin-i^^,) yel another e.xamph* of tin* nn'tabolic function of /^-group 
vitamins (]l ln2S). 

Fo.2lf flavin ^ (V) ihivin.2lJ 

Cytol’IJKo.mk. '(’his pigment^ is a conjugatt'd protein carrying an iran- 
conlalxiufi p(fr/)liyriii jU’osthet ic group callt*d cytochremn* porphyrin. Tin* latter 
is allied to, but not identical with, the luem group (rf luemoglobin (p. 173) 
and it is bound to a protein which is not gloi»in. In view of the fact that 
luem and the porphyrin group of cytochrome resembk' each other so elosi'ly, 
it is remarkable that tin* ha*nio-])roteins derived from them difh'r so funda¬ 
mentally in their functions. Cytochrome ((Vto.) acccjits hydrogi'U from 
reduced ilavin, thus b(*ing itself reduc<*d (for nn*chanism s(‘(‘ below) : 

fiavin.2H | Cyt(». >■ flavin Cyto.Iill 

The hydrogen is tijen transferred to the enzyme vyUfchrotne ojidasr, thus 
regenerating oxidized cytochn.mn*. 

Cytochrome (Jxidask. This enzyme is so calk'd because it catalyses 
the transfer of hydrogi'ii from reduced eytoehronn* to its own built-in 
carrier (prosthetic group), w'hich is anotln*!* m>//-/>o/ 7 >////>///, similar to, but 
not identical with, luem or (eytoehronn*. porphyrin. Ih^duced cylochronK* 
oxidase transfers its hydrogen to inokHrular oxyg(‘.n to form water (for 
m<H;hanism, see below^). Tn tliis way (cytochrome oxidase is restoHMl to its 
oxidized form (CyOx), and tln^ hydrogen from tin; sulistrate n*aeh(‘.s its final 
nesting-place by combining with oxygem derivf-d from tln^ air to form water, 

Cvto.2H i (VOx -> Oto. 4- Cv0x.2ll 
Cy0x.2JI i fOg CyOx > H 2 ^> 

Hydkooen Tran.sfek in Terms of Electron Transfer.— The above 
scheme of hydrog<?n transfer is an oversimplified account. In terms of modern 
chemical theory, the fundamental process involved is electron transfer. 

^ S^vf^^al relamd tiytocLrorno.s aj»pear to oxihI, with hnirtinnH hut different 

sp(M,‘irjcities. Wet shall tnsat thorn as orii\ 
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A iiydn^^f.iL at.oiu roiiioviMl during; a dt!:liydroji;<*ii,‘i.tiun irjiciitju uuderjjfoes 
“ acidiC wKisahait. ” to ^ivo a jirafon (positixa^ly c]ijn*}j[<‘d, dfiii()t(‘,d by H^) 
fiJid all dtTh'on. (•‘.(jiially biii opposite*!v cliarfr<*d, (IcmoUmI by /'). 

n ii' f / 

iitoiii prtjloii 

Tli(‘ term ojridafinn is jipijlird to a. r(‘a(*tion in wliich a snl)st,an(*o losrs rlrcfrotts 
(as \v(‘ll as, of coiirso, to a roaot.ion in whicK () is gained or 11 lost) : sirnilarlv, 
a. fidui of rl('(‘froits is torniod mhidto)i. Thus, (.‘onsidt'i’in^ tlu‘ two fornis of 
combiuod iron, f<‘rroiis form) an<i bwric \ oxidizod 

form), wo have 

/• 

(ro<lncod) Fo'‘ ^ ^ Fc--' (oxidized) 

- r 

This is (Mpially tho cast* wit h iron-eojitainiii^ evtochroine ((\to-Fe‘^' ^) and 
(rytoeljroino oxidastr ((..M)x-Fe* ' ') : 

II (from substrate' via (V» and flavin) —y • /■:' 

(yt,o-F('■ -r / > (yto-Fer ' 

(\yto-F(.‘ '^ (yOx-Fe'.’"^ f > (\*t()>Fe ^‘^ ■* -j ('M)x-F(v» + 

Ki‘du(*(‘d eytochromo nxidas<‘ .(.yOx-Fe'^‘^. has the nniepje projanly of trans- 
f(*rrino an e'leetron to molecular oxvL»(‘n : 

2 (M)x-Fe'/ I ^ 2Cy()x-Fe+-<- i ()" 

Protons from tlu'. initial ionization then reael with the. negatively-ciiarged 
oxygen to ^ive; wa. 1 «‘r: 

2 11 r <>" -> \U) 

KFdULATIOiN OF l^LOOD OLFCOSE. LIVER AND 
(L\RP>0 ITYI )R\TFj METABl )LLSM. 

Normal Blood Glucose, 'the muinal mornim: fastimr lev(*l of ])lood 
<j:lucose is SO Ion mo; 'y. After a. meal containimr earbohydrate' the level 
rises temporarily to a var\ inn extent, but does mu m»rmally ext'oed ISO mo- 
The ehanij;es in blood glucose whieh follow the inirestion <)f bO £f. of ‘jlueosc* 
(ffhfcosc f<dcraii(r cdrrr) are described on p. '.*22. 

As glucose is a readily dilVusibh* substancf* it is distributed fairly uniformly 
throughout the bO L of bodv Iluids, both extrac<‘llular and in tract'll ular. 
With a blood glucose h'vel of lOO me the total gluc(.)S(‘ content of tlu' whole 
circulating blood (b L) is only b g., but the total glucose conO'iit of tlu' body 
(luids is bo g. Isotope dilution methods show that tin' body “ glucos(* pool 
also includes t-he amoujit of glycogen which is a vailable for ra|>id and r('versibl(* 
conversion into blood glucose. The comparativc'ly large' size of t he “ glucose 
pool (‘iiables it to serve as a buffer " ti) minimize variations in the blood 
glucose level. For exam])le : irrespective of the carbohydrate intake, the 
|)eak rate of sugar absorjUion from the intestiiu' in man is not more than 
120 g. per hour. If all this 120 g. of sugar W(‘re absorbed nhsfaHtanrousli/, tin* 
rise in the sugar content of the blood and body fluids would only be 
120 g./bO L: ::il0 mg Similarly the “ glucose pool can function as a 
“ reservoir’’ when gluco.se is 1 )eing withdrawn by the tissues, c. 7 . during activity. 

(JliK'osc normally imlcrs tin*. i)lood (and body fluids) fn^in tlie intestine and 
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tli(‘ livi‘r : it passrs (uit into tlio livor and tissues when' it is (l(‘|M>sit<'d as 
^ly(*oiion, dissiinilatod, ur transforincd into Tat. Many and conifilcx 
inrclianisnis ari‘ in constant operation to [)reservi‘ tln‘ relativi^ constancy 
of the Mood uiucost* lc\cl under all normal circunistaii(M*s. They art* l)]i(‘fly 
roviewt'd on p. S()(). 

The rdh* «)f the livt'r is discussed helow. 

Relation of Liver to Regulation of Blood Glucose. Glucostatic ' 
Function of Liver. 'Flu* liver in tin* intact animal maintains the normal 
h*\cl of t.h<‘ Mood ^ilucosr in thrtM* inain ways : 

(i) By reiiulatin.i!: the revt'rsiblt* reaction blood i>;liicost‘-^:Miv<‘r i^lycomm. 

It should be noted that jilyco^eii can also be Idmu'd iVom oth(‘r haxo.sf 
suuars (rructo.se and iialaetose) and JVom products oi‘ partial dissimilation of 
L»lyco!i<*?i, ^'Specially lactic acid (p. SM7). 

(ii) l>y reiiidatinu in‘W Lducosc I’ormation (nrttfflHciH/nfrsis) mainly I'nun 
non-nitrouenoiis n*sidin's of amino-aci<ls derived iVom prot(*in, and also to 
sonn* (‘xtenl Irom tht* glycerol d(‘rivt‘d from fat. 

(iii) l^y rcLudat in^Mlic remoN'al of glucose from the blood and its deposit ion 
as fat in the liver. Tin* fat can s!ib.*Ne<.jUently be stored as fat in tla* d«*p«)ts. 
or transformed into ketom's and distributed to the tissm‘s for dissimilation. 

M(‘thods (i) and (ii) are discussed more fully behnv. The reactions 
C(UicfM‘iied are summaii/(‘d thu< : 


-! ATI» 

/(fc f'oL'iH.as(i 


GLUCOSE 


hvclrelvsis 


0 TiVrOG E\ (‘^t ora^^e product) 

11 

glucose-1 >p}iosj)hate 

\ . 

gl ucose-b - p h os p 1 1 a t e 

jj^ dissimilation 

pyruvic acid v-- lactic acid 


fats 


metabolic 

pool 


I)roteiiis 


(1) Kkoi'lattox or Till*: Ukvkksiulk IiKaction, Gi.iu'osK^GLvctnjKN. 

(i) Cdycogen depositioii ((/It/roifntrsis) normally occurs whenever the blood 
sugar lev(*l rises, c.//. when liexose sugars are being absorlx'd from the intestine 
after a. car)>ohydratc meal. 

(u) riu* liver is anect(*d ilnTrfl.tf by the nntrrHfrfffnut of blood sugar reaching 
it : a local rise of blood sugar increases glycogen deposition; on the other 
liand a fall of local blood sugar stimulates glyeogeu breakdown and tims .sets 
up the seer(‘t.ion ’’ of glucos(* into the blood {wfra). 

(b) Glyeogenesis (at a eonst.'iut blood gliie(»s(* level) is stimulated by 
insulin (and adrmal corficoids) (p. IMb). Jri insulin defieiency (diabetes 
nudlitus) the liver glycogen content is low ; it is restored to normal by insulin 
tnaitment. 

(ii) Glycogen is converted into blood gluco.s(^ (ghfcofjnudysis) whenever 

• “ (JJurosf at i<- ’■; t he word is used here in mean “ imiintaining tlio normal range of blood 
sugar level.” 
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t.h(‘ hlmMl oluc()Sf‘ t ends 1(1 Jail. 'FIm! fall oflikaxl liliico^r not onlv acts (//mV///on 
the liver hut also on the centra) in-rvons sy,sl(‘ni, and so ifu/lrtr/h/ (»n tin* liver. 
A fall of Mood ,iilue(>s(‘ stiiiiulates hrain (MMil res, h‘a«linL^ to in(‘reasi‘d siimjKtfhrfir 
aetix’ily atid additional sci'iu'tion ol (iiln'intiuH’ and, possihlv, to incn‘as(‘d 
secretion oJ diala‘t(tjienic factor of thr ttufrnitr /flhn/tfry. Tin* s^'nlj)athetic 
inipnls<‘s to the liv(‘r acting in eonjiinciion witli ih(‘ hormones, stirnnlatc 
^dy<*om*iiolysis ; in this way, tin* n‘storatioii of the hlood ohicose 1(‘V(*1 is aided. 

Liv(‘r ^dyco^n*n content is diminisln'd, as ini^dit he (*xj)ect(‘d. in innscular 
(*.\'(‘rcis<‘, e\|>((snn‘ t(» cold. starvati<»n. and followini]; the hv|)oolv(*;eniia wliieh 
is ))rodnc(‘d hy insulin inj(*ction in tin* nnrninl animal. 'Die liver [(‘spouse in 
(*ach case is a eom]»*nsatory r(*action to the hyp((<ilyca*mia. Stimulation of 
tin* sympalln*lic siij»ply to tin* liv(‘r (]). 711), injection of adn'iialim* (p. 7’J7), 
thyro.xine (p. h7t>), diah(*to,i:cni{r anterior |»itnJtary extracts (p. h‘>7), all of 
whi(‘h stimulate ^lyco.L'(‘nolysis, l»‘ad to a risr of hlood ylncose in tin* otlierwis(* 
nnrnnil animal. 

(l!) HKOt’LATlO.N OF XFoOl.roOiJK.XKSlS. P>y ///"/>/////C/;(/c//C.'?/.S' is iiK'ant 
in*w ^lncos(‘ ldrinati(m. /./'. formation oT tilncost* tVom non-carholivdrate 
sources ; tin* sourc(*s are mainly prot(*in (non-nitrop^eiious n*sidn(*s of c(‘rtain 
amino-acids) and nlveerol d(*riv<*d from fat. 

(i) The (irninrv(r and hrjintir sifr. of neo‘iliico.Lr(*iiesis can (*asily he proV(*d. 

(//) In tin* fastin;^: animal, tin* hlood ,Lducos(* is k(‘pt within normal limits 

almost until d(*atli (K'ciirs. As tin* liv(*r Ldycouen ston* is (‘xhausted in about 
*21 hours, the hlood jjihico.si* ntiliz(*d hy tin* ti.ssu(*s must la* rei)laced from non- 
(‘arhohvdrat(* r(‘S(*r\ ('s, such as tissin* protein, (W n'seixa* fat, or hoth. 

(It) R(*nioval of tin* liver l(*ads rapidly to a fatal hy)»oM:lvca‘mia (p. H21). 
'Phis is not din* simply t.o the “ amputation ' ol'tliejiver ^dycop*n hecause, as 
just stat(*d, (‘xhaustion of the !iv(‘r ^dyc<»,ir(*n is not follow(‘d hy liy[)o,Ldyciernia 
in the fastin.<j: ajiimal with an ////mV liver. In tin* laslin<T iinimal then, the hlood 
^lucosi' is h(*inij[ itutiuf/achurd hy the Urn- from non-carhohydrate sources ; tin* 
liver is the only siti* of in*o^lin*o^ein*sis. 

(ii) The appar(*nt mile of in*o^lueo^mn(*sis has heen ca.l(‘ulat(*d as follows : 
in tin* linrlassdiv^, glucose* must he infus(*d at tin* raft* of O'Jo ]>er ke. p(*r 
hour to maintain tin' hlood liiin'ose at the normal l(*V(*l. This is tln*u the rati* 
at which ;ilucos(* (wln*n it is the only nietaholite .su]>pli('d) is used hy the tis.sues 
of tin* lurrhss animal. If it could he a.ssumed that (rlncose is the only 
nietaholite sujiplied to tin* tissu(*s hy the liver in the starvinj^ normal animal, 
then this iienre would also r(‘pr(*s(*nt tin* rat(* at which tin* liver is mann- 
facturinn; m^w ,ulu(.*ose in the starving animal. For a man the corres])onding 
rat(* would he 12(1 of nvtr ylavoxr daily. Hut there is no douht that the 
liv(*r in staiNation is also ibrminj; and supplyinji; Iccfonc httdfcs to the tis.sues 
on a, considi*rahle scale; tin* amount of in*ooluco<ienesis would he corres¬ 
pondingly smaller. 

(iii) tSoanrs ttf SntylacoycHnofi. Xeo^ducoiicnesis tak(‘s place mainly from 
/trofein and to a smaih*r extent from {]\r yly<rrol from fat. 

(a) /^ro/c/yv. --Kvidenct* is s(*t out on p. that many ol the aniino- 
acids can he converted into jilucose. Jt is reasonable to suppose that such a 
transformation is an imjiortant source ol the hlood < 2 [Iucose in the fastinjr 
animal (and perha|)s to some ext(*.nt in tin* normal animal). A]i injection ol 
amino-acids into tin* livu'rless animal do(*s not rais(* tin* hhiod jjlucose , the 
liver is thus tin* oidy sit(* ol in*w glucose formation trom amino-acids. 
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(/>) Fa(. - Glt/ccrnl, from thr liwirolysis of fats, can he trajisiornual int<:> 
l>I<u)(I ulucust' by tlic liv('r, via. ])lic)s|)ho^Iyccral(lcliy(lc vvliiirlj lies on the 
r(‘\crsi))li* pathway of .dncosc dissimilation {p. 8-IS). It napiircs the hydrolysis 
of S lo «d‘ depot Of liver tat to providt* enoujjjh iilycerol to yield 1 u’. of 
blood glucose )>y this route. 

There has bi'tMi much dt‘l)ate as to whether, atul if so on what sca,lc, the 
/<///// an)/s d(‘ri\t*d from fat cati also be transformed by the livtu* into blood 
ij:1ucos<' in tin' starving animal. In tlie absenct* (d‘ any known pathway (dr 
this transformat ion it is conclinhal het'c iltat the amount ol‘snch conv(‘rsion 
is very small (p. 871 ). 

There is no doubt, luovtntu', that fat plays art imjtortanl mdirn't roh* in 
maintaining the bhuMl Lilucos<‘ level : 

(u) Katty acids ai't* partially dissimilat^sl in the li\'er to iiiNc ketone 
bodies wliicli art* circidat<‘d to the tissues: there they an* c«)mph*tely dis- 
similat»*d t«> vi«*ld enerizv. thus fvdueiny the “ demartd ' on the blood ^ducose. 

(/)') Fatly acids are comph‘ti‘Iy dissimilated in the liver libera,tintr (‘iier^y 
which is used locallv in tin* resvnt hesi.'^ of o:luc<>se IVoin {(dr <‘xample) circulating 
lactic acid (p. 8o;>). 

(iv) ('fthfrol nf A Neoiilucoiicnesis is i*t‘j4idat(‘d so as to 

maintain tin* nnrtital blo(»d i:lncos<‘ Icvrd : if tliis level rises, new glucose forma¬ 
tion is decreased, it it falls ulucose formation is increased, Neoelucoeenesis is 
reeidaled by tile hhtod <fhf<‘<is(‘ Irrrl ltsrjj\ actiiiu ill tw<» wav.** : 

{(f) directly mi the liver, 

{/>) indirectly by aiVectine the s(‘cretion of certain hornntKes. 

The hormones which iidlnenct* neueiucoeenesis ai‘e ; 

(n) insulin, which depres>es it, 

(fi) the <liabetoeenic factor of the anterior pituita,ry, c(‘rtain adrenal 
eortieoids. ami tliyro.xine. wliich stimulate it. (p. 80',)). 

(3) Fontuoi. OK Flood (iLia osK nv 'niK Livkk. -(daude H(‘rnard rceanled 
the liver as an r)r<jran of se('n‘tion. its inl<*mal secretion bcin^ elut*ose.^ 

,\s was sliown above, llie substances which ^i\e rise to blood glucose, i.r. 
(jlucufiens^ are carbohydrate (<ilyco<i4*n). [>rot(*in and elycerol o(‘ fat; the last 
(wo miiihl fje labelled yiciMjlurnjjnis. 

WIm'Ji the blood L^lucose level tends to fall, tin* n*acl ion 

All (du(a)^ums —► (ilucose 

(elv{ o<;;en, nmino-MriU 
re.-^iUiies ;ijnl ^lyecrol). 

proce(‘ds at a rate which just coinjiensates for tin* withdrawal of eiucose (Vom 
the blood. When the bhaid ^ducose h*vel tends to rise, the reac'tion (jiliicoe(*ns 
-►glucose)(‘(‘asesaiid ther(*actions(glucose >elyc,(>gen)a.nd (,eluc.ose->-fa.t ty acids) 
commencc*and counteract tln^rise byremovinetheeycessglucosf; froiiitln* blood. 

An ajialo^y cati be drawn la't.ween this bloo<l gluca^se remdatin^ activity 
(»f tlie. liver anri tin? role of tin* hypothalamus in maintaininji: nma»ial body 
temj>erature. ('Vrtain centres in (he hypothaIannis aitt as a thenaastat : 
tliey are sensitive to minute variations in bofly t<*mperatur<* and produce 
approjiriate reactions to keep the tempi^rature. within the normal “ pre^Iixed 
^ When Claude Bernard j/ave to the suhstanee whieli }»e had extract<^d frfun the liver 
the name glucogene he thirikin^^ of it a« a “ ghicof/e.nF a suhstiinee which gtmralas 
glucose lx* turned out into tl»c> liJfxxJ strcuin. Strans^i'Iy (enough the Knglish term 
•zlyco^cn which orifrinally was cfjuivaJcnt to the Freneh gluer»{rcne ha.s eoine to refer 
])rinei|)ally to a form ol .stora.^e. 
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TIk* lis er can lx* ([(‘.scrilxMi as a Itlood f/lnc<tsfaf^ reacting to uiaiiitain 
tho l)lon(l iilucosi* vvitliin tin* of tlio nornial. lii both instances tlion* is 

ii small timr lair bi'Toro lla* full olTort of tlie nractions is A^lt, so that somo 
deviation from ili<* iioi Jiial ” may occur under conditions of sin^ss. 

(1) llojiMONM. Fontfu)]. ok tuk 0lv:('o8tati(: Function ok thk Livkk. 

The remdation of t he hlood i»:lueost‘ l>v t he hormones dejamds onlv in part 
(ami not- wholly) on their action jni the liver. Tin* h(uinon(‘s concerned can 
lx* divided into t\V(j .<irou])S with rouirhly o]»posin" actions, nann'ly (i) ftisuliH, 
and (ii) tln^ didlK'Inffruir. tfranft which includes the diahotoii(*nic factor of tin* 
ant<*r‘ior pituitary, adrenal cort i<-oids, and thyroxine. 

(i) .Fv/on of /ustdin on /v/ccr. - Insulin increases the d»*position of 
i.dv<*o^(*n, (h‘|uesses neo!L;lucoi»«*nesis. and increas(*s the transformation of 
olucose into lonii' chain fatly a<'ids (ii|)o<»:(‘nesis) (|>. ‘JK‘i). Jn tin* ahsejn-c of 
insulin, hvperulyeiemia develops wliieh is <lne in part to dej>ressed ulueose 
utilizali(»n liy the tissues. The liver, how(*ver, is also at fault, in tlie diabetic 
organism, hecaiise it <loes not react in sueh a maTUicr as would tend to restore 
the lilood ;j;lucose to normal. Tin* “ correet hepatitr response* to hy|X‘r- 
elyc:i*mia would he increased withdrawal of Ldiico.s<* from tin* blood and 
d<*creased formation of ^liieost*. In tin* diabetic, howi'ver, the foritiation of 
olvcoe,*n and oj‘ fat. from Ldueosf* is <l(*|)ressed ; m*w {ilueose formation 
c(mtii\ues at a rate whieh is e<jnal to, or even (*xe(‘(*ds the normal rate ; in 
other wonls iinnecessarv amounts of ohieost* eonlinue to lx-* secreted by tin* 
liver into i he blood. 

(ii) ArtIfOf of V (iroup (ff Ihn'/nom's on Liner. —T\u^ j^roup 

increases tin* output of izlucose by tin* liver from judycogerj and non-carbo- 
hydrate sources (sci* ])p. PdT, hlo, P7tt). (The individual hormones, liowever, 
differ ill tin* details of their action on the liver.) In tlie absene<^ of these 
hormom*s a fall of tin* bl<»od clueose level is a less eflective stimulus than 
normallv in promoline olncoeein*sis. Tln‘re is cons(‘(]uently a diminished 
secretioii of ^dueosi* by t in* liv(*r into tin* blood, whieh is iiiade«pia1e to maintain 
the blood olueose level in tin* fastinjr animal ; htfpoifhinrmia develops. 

(iii) Normally tin* activity of the two antagonistic ^o*ou])s of hormones is 
uie(*lv ailjusted as to preserve tin* normal hhxxl jiliieose l(*v(*l. A rise of blood 
^diicusc* increases insulin .seen*tion (p. HIT) and |)resumably depresses the 
secretion of dia]x*t(»^enic factor ; a fall of hhxxl eliicose dcjiresses insulin 
secretion and si inmlaTt*s s<*cjcti(»n of dialx*lojj:cnic hictor. If one or otln*r "roup 
of hormones is put out of act ion the inuinal balance is lost, as explained above. 

(iv) In lln* abscnci* of both insulin and the anterior pituitary factor 
(its principal antagonist), a state ol affairs which is found in an animal from 
which botli the pam rvas and the anterior ])ituitnry have been removed 
(Ho'ussdif anlnntl)., tin* main r(‘"iilators ol the liej)atic f^lucostat an* not avail- 
abh*. tin* ^liicostatic activilv of tin* liver is th(*n dett'rmined soh^ly by 
the direct, action on it of the blood "lucose level. Uiicontrolled by the action 
of the hormones, the livi*r reacts imperfectly and with n much greater time 
lag. In tin* fasting Tloussav animal, hy]X)glyea*mia develops (which may he 
rapidly fatal), while after a carbohydrate meal considerable hyperglycseima 

occurs (cf. p. th‘I8). . . - . . 

(v) The nervods {sytnjfntlinfw) supply to the liver is of minor importa-nce m 
blood sugar regulation ; denervation of the liver does not significnntl\ impaii 
the eflieiency of tin* glii(*ostat ic mechanism. 



Sfio HFXa LATlON OF HLOOl) CiFUCOSK 

Regulation of Blood GlucoseJ—N ouimal Hiakh) (Ji.rt’osK. vS(W‘ p. 855. 

Tlio priiK'ipal raifiilatDrv factors arc as follows : 

(1) Alimkm'akv Canal. l!iir<*st..C(i polysaccliaridcs a?(‘ slotcly l)rokcn 
down into ^'ln(*osc, so tliat ahscn'ption is never very rapid. If <iliicose itself is 
injiest<‘d in larire amounts it is ludd up for a considerable time in the stomach ; 
if taken in still ^reat(‘r (juantities it is rejected l)y veunitin^ (p. 

(*2) IjIVKU. The fundamental role of the liver as a hhxal olue()stat was 
fully discussed on p|). S5(> S58. 

(.1) 'FissrKS.—Till' a(*ti\'ity of tlu' tissu(\s may (dtljcr distiirh or h(‘lp 1f> 
rest(»re the Idood glucose level. Tissm* activity withdraws lilueose for dis¬ 
similation and hawers llic blood tjlucost'. On the olhei- hand a rist* of l)lood 
izlucose, b(Uh by a direct aetiiui and by eallin*^ forth a secretion (»f insulin, 
increases dissimilalion of jjlueoso, deposition of ulycom*n, aiul t h(‘ transforma 
tion of i^lucost* int<> d(*|><»t fat. 

(1) Role of IIokmonfs. The blood Ldui'ose h^vel is automatically 
n^^ulat(‘(l l)y a]»])ro))riate responses of certain ductless glands. Tludr rol(‘ is 
dis(‘uss(‘(i in the followin;i places : iHsnlih (p. 511) ; tuttvriin' pituitanj (p. !)‘)7); 
mlrvnal (‘oyfr.r (p. 545). 

(5) Rolk of rs’Minors S>si'EM. The (‘(Mitral ikmaous syst(Mn plays an 
acc(‘ss()ry ratluM* liian a major jairt- in th(‘s(‘ process(*s. Itinnoval of the 
eendiral corte.x or of the emtire e(M*el.>rum or d(‘cer(‘brat ion throujili the mid¬ 
brain all h‘ad to prolonged hyper^lycaMiiia and ulycosuria ; this r(‘sult is 
lik(nvise attributed to sympathetic overacti(m.‘*^ 

If any considerable cfianire in th(‘ blood sujiar «>eiMirs, sym]>toms an* pro- 
du(M*d ; tlios(* of liypo^dycaMnia are d(*s(Mibed on pp. S*2I, 515; tlinse of 
hyperj^lyeaMiiia are v(‘ry uncertain.** 

CAt’SEs OF H vj*Ki;oLV('.K.MiA. Hv p(M*e|ycaMnia is dm* to more* elueos^* ent iM- 
ine t he blood 1 han leaving it. This can occur under t lie followinecircumstanees: 

(i) ylnrofii'tu'si.v in thf' Uror from jxlycomMi, amino-acids or eIyc(M*ol 
of fat. It may, th(*refore, follow inj(‘ction of adr<‘nalin(* (p. 727), ant(*rior 
]>ituitary extracts (p. 557) or thyroxhie (]>. 57*5) ; or it may d(*V(*iop in 
asphyxia or during ana(*sthesia. Hyj)erelyea*mia may occur in (‘motional 
stress, in exophthalmic goitre (p, 551), in acromegaly (j). *555), or in tlie 
«‘X])erim(Mital conditions known as thyroid and hypoj)hyseal diabet(‘s (]>. tfI8). 
Pot* tin*, same n'ason, lesions of the l)rain in man may be assoiMated with 
liyp(M'glyc;emia (sei* a lan e), 

(ii) Dc/jrrssnl vfiJlzafin}t of ffloatfir, .Aft(*r ])ancr(‘atectomy, injury to 
the ish't by alloxan, administration of thyroid (metathyroid diab(*t(‘s) or 
ant(*rior jutuitary (‘xtracts (metahypoj)hys(*al diabetes) (j). 518)^ or in clinical 
disorders of the pancreas, the }iyp(*rglye;emia, is dm* partly to diminished 
glucos(‘ utilization and storage (but partly also to (‘xci‘ssive glueog(Miesis). 

At c(‘rtain levels of liyperglyc;i*mia glycosuria develops (j). 527). 

(.■ArsKS OF rivi'ooLViLKMiA. IlypoglvcaMiiia (Win be ])roduc(‘d by : (i) 

(*xci*ss insulin (p. 511) ; (ii) h(*patectoniy or diminish(*d liv(*r activity ([). 821). 

^ Scj.skin, rhy.fiol. Her.. H)4I, 27, 140. 

Th(‘ classical observations of (laiiHe. IWnanl s1io\v(m 1 that ])iincturc of tlu* lloor (jf 
the fourtli vcntrid(? causes liyperj^lvcaMtiia; his results were probablv due to si iiiiulation of 
central i)athwava which (control the syuifuithetiesup]>lvt(» the liver and th(' adrenal nu'dullu. 

‘‘The effects of hyiw*r^lve;e!nia may b(* mainly s(‘eondarv to the changes it prodmu's 
in renal function, c.f/. excess lo.ss of water arnl ions in tin* urine wit ii CM!isf‘(juent anhydr.‘emia 
and circulatory failure. 
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FAT Ml^yrAliOLISM • 

Chemistry of Fats. TIk‘ word Ujudv. is wid(‘ly used to rcdVr to mtain 
( linnicid (;ooi])oiiih]s wlii(‘li art* insoliildt* in vvat(*r hnt nn* soliililc in llio 
s(»-(*{i!lo(l IVit solv(‘nts (v.ij, alcohol, ctln;r, benzene, clilonjrorni).'-' Tlie lij)id(‘s 
of physiological int<‘n‘sl c;iu be classified as follows ; 

(1) SiMi’jJO liil’iDKs ; thf* most iinjiortant an* the fnfs [f 

i.r. glyc(*ryl esters of fatty acids. 

'I'riglyceri<h*s an* formed from one. moh*cule <»f glvcerol and ///m* molecules 
of fatty a(*id. thus : 

(’II..()II IIOOC'.R (Tl.OdX'.R 

r r 

(’HOll ! JIOOC.K' --V CHO.OC.R' 

I 

<'Il./)fI H«K)('.ir ('II.O.OC.K" 

(dyeci’ol. Kalty aeitfs. 'rri^Myci'ricli'. 

wlK*re K, IF, and IF' rej)rest‘nt three ([tossibly diiTer(*nt.) radicals of fattv 
aeiils. Diffh/nridf's and hfoitofflf/rrridt's an* fornu^d from one molecuh* of 
glyr*(*rol and hvo moleeuh's ttr one nn.»lecuh* of fatly acid n*sp(‘ctiv(*Iv. The 
most comimm of the many known fait v acids an* : 

(i) PahHitir arid, CJl.jfCHali./'lOOlI (a 1(1 C acid). 

(ii) Sfandc arid, FIl;j(CfF,)j^r(.)()ll (an IS C acitl). 

(iii) Olvirttrid. ('ll 3 (FH 2 ) 7 ('il -^-[(FIl.^l^f/OOH (an JSC unsutamh'd acid). 

(i) and (ii) are fully sat iirattai acids : (iii) is an nnsuturale.d acid, contaa’iiing 

one double Ixmd, (’ll -FlI . Prat*tically all the natural fatty acids con¬ 
tain an crea number of (‘ atoms (as might lu* eypecti'd from their mode, of 
synthesis, ]). Sj;}). 

lfV/,/c.v are est(*rs of fatty acids with Ittinf-rhinn (dfuluds (instead of with 
glyc(‘r()l, as in neutral fats). 

(*2) (\)An’orNi) Lii’imos : complex com))ounds form(‘d from fatty acids, 
glyc(*rol (<jr related stibstanc(*s), and various yoV/-o//ca-coj)ta.ining bases, and 
often (*ontaining phosjdnttr gn.nips. 'riiey are int<‘gral parts of tlu* g(*neral 
c(‘ll structure (]>, Stid) ; they are [>resent in large amounts in n(‘rvous tissin* 
(p. 'jS2) : they are em])loyed in fat transport (pp. Stil, S(iS). 

'The chief types of compound lij)ide are : 

(i) Phosphoiipidf’s (pliosphntides)^ containing glycerol, 2 mol(‘cules of fatty 
aci(l (geiu'rally unsaturated), phosphate, ainl a nitrogen-containing base 

(choline, in case of the Icrdhins: cth.annlamhn 

(chohnninc), l.,FH. 2 FII.,()fl, in the case of the cephtdina). 

(ii) SphinpowpeUns, containing fatty acid, phos|)hate, cholim*, and a 
comj)l(‘x base (sphinffosina), but no glycerol. 

' Jiiarhiinlsfn/ of Vnihj Ar.uh nml Li}mU, New lJurr aial Ikinics, 

l*lnjKiol. Rev., MH.S. '2r)(i. SyniiM)siuin on “ Triglycorides in Human Nutrition,” Jint. J. 

Xntrifinn, 11)11), .'J, 250. . . i i i i i 

“ In tliis book, 1 m)\v(‘Vi^p, tlic <’ojnmi»n llritisli )»rjiclict‘is (o]Io\V(‘(l \\Inch is to use the \\onl 
“lat ’ more* vaguely and less eorreellv as nmn* or less synonymous witli lipide (stM*: e..f/. blood 
tat, ji. H0r>; tissue fat, p. S(i()). The terms li/riH or ll/toiti are soiiK'times QS(^d instead ot lipidi*. 
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(iii) Gdhtctttlipules (cerehnh'iides), vimti\\\\m\i, tlu* iuo!i(».s;iC(;liari<le galucto.sr, 
lattv acid, and s])liing()sinc, hut uo |>lios|)liatc or giyccrol, 

(.‘^) Ass()rL\Ti!:i) I^iriDios : Those arc of two luaiii lyj)os : (i) Thos(‘ 

coiM]a)m'nts (the split Juts) that are obtaiiio<l hy <lu‘ Itfplroh/sis of lipidc^s 
(i.e, glycerol, fatty acids, soaps). ISoaps an* salts of falty acids, and arc 
obtained by the hydrolysis of fats in alkali {s(fp<mif!r(tfinn). 

(ii) Those* components that are associated with the lipides in tissui* 
extracts siiiiply ))(*cause lliey an* tlis.solved by tin* fat solvents ; mainly 
(a) t in* steyoiiis (cf. p. c.//. liormones of the ovary, te.stis. a(ln*nal cort(‘X ; 

eln)lest(*n>l (est(‘js of clioh*st(*n)I with fatty a(*ids an* (*alh*(l rholestrrides) \ 
(/>) tin* faf-soluhlr ritumins (i.c. vitamins .soluble in fats ajid in fat solvents) 
(p. Kflb). 

The fat of i()od cojisists mainly of neutral fat, togctln-r with small a,nn»unts 
of fre<* fatty acid, h'cithin, and cholesterol esters. The nutiitional importance 
of di(*tarv fat is discusst*d (Ui p. lObf). 

Digestion of Neutral Fat. Some hydrolysis of in*utral fat tahr> place 
during cooking and the j»roct*ss niay continin* to a small extent in tin* stomach. 

S'l'OM.NCii. In exceptional eircumstan(‘e*s, signiiicant fat digestion may 
o(‘cur ifi the stoma(*Ji. A fat splitting enzyme {(justrir lipase) i.s pieseni in 
tin* pure gastric juice fr(»m a Pavlov pouch ; in addition. |)aiicn‘atic lipase 
may r(‘gurgitate into tin* stomacii from tin* duiKlenum. 'flic activity of 
lipas(* in the stomach is (»bviously .restrict<*d, because tin* enzyme is sensitive 
to fn*(* acid and is d«*stroved by exposure to O-ng'’,, H(’l for lo minutes. 
Fat liydrolysis (lipolysis) may taki* place in the stomach in cases fd’ urhplifi 
iptsfrieu and in young suckliiuf animals wliich ingest large (|uanlities of milk : 
the fat of milk is prt‘sent in an emulsilied and tln*refore readih* digt‘sie<i 
form, and it als(» iidiibits (he secr(*tion of ga.'>tric acid. 

S.MAIJ. In'I'Kstink. Tin* main digestion of fat undoubtedly occurs in 
the small intestine, tin* a<d:iv(* enzyiin* l)eijig prf*domina?itly puiu^rrutfe lipase 
(which is assist(*d in many ways by tin* (tih) : sat-rtfs rah^iieus also has some 
lipolytic action. 

It used to Im* thought that trigly<*(*ri<les had to be completely hydrolys(*d 
in thf* int(*.stine to glyc<*rol and threi* moh*cuh*s of fa-tty acid befor<* abs«>rj>tion. 
This is not in»w believ(*(l to be t in* case. 

Lipa.se. hydrolyses triglyceride in stages, splitting oif successiv(dy each of 
tin* three attached fatty acid mol(*cules : (i) rertioval of otn* fatty acid leaves a. 
diplprerule (contaitting tw'o fatty acids) : (ii) removal of the .second fatty acid 
leaves a nuaux}!fperide (cont.aiiiing one fatty a<*id) : (iii) rennjval of the third 
fatty acid leaves (}lyeer<d. Under normal <!onditions in the intestine, fat 
dig(\stion is ir)complet(* ; the end-products are undigested triglyceride, 
|)artially s})lit products (di-glyceride and nn)no-gly<*eride), fatty acid (deriv(*d 
from c<»m|»letely an<l partially sf)lit fat), and gly(*erol. lapolysis is init-iallv 
rapid, but soon slows down and iinally stop.s before 30'^, of the fatty a.cids of 
the ing(*st(‘d triglyc(*ride has been lil)erated. 

Lipase is activate<l non-.specifically by tln^ hUe salts (];. 7b7) ; it is ra[)idlv 
destroy(‘d in vitro by tryjjsin but is j)resumabiy protected from atta<-k in the 
intestine. As the optimuni pU for lif)olysis is on the alkaliin* sidf* of in'ut ?ality 
tin* activity of lipase is slightly iiainp(*re(l by the normal slight a.ci<litv of 
the intestinal contents (pH b-b fj-b). !h*c.a.us»* of this arid intestinal pH, 
none of tlie fatty aci<l liherated by digestiem is convauted into ,soa.j). 
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At body teinprratiirv food bjt is in tljc li(|iiid form as aii oil. 'flu* s|M‘od 
of Iij)olysis d(‘}K*iids on size* of tJjc surface area of t lio oil that is (‘Xposed 
to tlio onzyiiK*. Ijipolysis is thus i^roatly acfclorati'd bv earulslfieafion ; in 
ail omulsioii tlio lat is divided into snniil piirtiolos which arc dispersed tiirou^lj 
tin* watery ])hase. 'Pin* most salisraetory emulsion is om* which is stable 
and in which tin* fat dn»plets are very minute. In the intestine, neutral fat 
is (*mulsified by the products of its initial di‘><‘stion. i.e. bv a mixture of tin* 
lower ^lyceri<l(*s (di-elycerid<*s ajui mono i»lveerid(‘s) and “ coniplexi's ” I'ormerl 
bt*t-we<*n l;h(* fatty acids ai.nl tin* bile acids {rale nijra). These (‘mulsions ar(* 
very line (the fat droj)lets an* h‘ss than D o// in'diann*ter), and arc stafth* 
at t in* '/>If and und(*r the (U her condit ions ()rtiie small inlestiin*. 

Katty acids are tnsufahle in water and indijjasihle thr<»uiih animal nn*m- 
brain‘s. Tln‘y combine, howev(‘r, with the bile acids to form a loose <*hemical 
compound called a fattt/ aeltl-hih arid rnfufde.r which is stabh* in the 
intestinal environnn*nt, wat(*r soluble and diffiisil>le, and can |>ass through 
tin* intestinal epitln‘lium. (The bile acids an* thus (‘all(‘d Infdroirupie sub 
stanc(*s : by unitine with an inM>luble substain*e tln‘y make it water-solubh* : 
probably choh*slei*ol and the fat-soluble vitamins (-.1. -/>, /;) aic also actf'd 
upon by bih* acids in this way.) 

Absorption of FatJ Tin* «*nd-|)roducts of tat, dierslion are thus : 

(i) .Mainly (7D'\d uidiydrolyzed, water-insolubK*, in'utral fat wliicii under 
normal <*c.unlitions in tin* intestine liaslieeii n*duc(‘d to a finely emulsilied state. 

(ii) \Vat<*r-soluble and diffusible fatty acid-bile acid comph'xes. 

(iii) Mono'clycerides and <li-<ilycerid(*s, sonn* solubl/* and sonn* t‘nndsili(‘d. 

(iv) (Jlycerol, which is water-soluble and diffusible. 

According to Fraz(*r, the VNaiter-soluble products, i.e. the fatty acid-bile 
a<‘id comph*.\(*s and the glycerol an* absorbed direelhf iulo (he portal blood. 
On the oth(*r hand tin* (*n!ulsiti(*d but water-insolubh* m*utral fat is absorb(‘d 
via the lining epithelial c(*lls of the intestine into the. laeteals and tlicnct* 
into the thorac'ic duct and into tin* vemuis blootl. This tln*ory is called the 
‘‘partition hypothesis ' becausi* it supposes that tliere are two distinct 
rout(‘s for fat absorjition. Some of t he e.\j)erinM‘nta,l evidence* may b<* cit(*d : 

(i) Fat partich's, so-calI(*d e//plntniernns, (*an la* detect(*d in the systemic 
blood un(h*r dark-ground illuminati<»n as points of light and count.ed ; during 
starvation they an* scanty, but after a fat meal they incn*a.si‘ in number. If 
rats an* given well-emulsitied olive oil (a. neutral fat) the laeteals ap})ear 
milky, and the (diylomicron count in tin* syst(*inic blood rises but that in the 
portal blood r(*mains low. It is concluded that the absorption of neutral 
fat occurs via tin* laeteals into the. syst(*iiiie circulation. 

(ii) On the other hainl, if a mixture of fatty acids and glycerol is admin- 
istcn*d tin* lact(*als remain relatively fn*e from fat but t-he <*hylomicron c.ouiil 
in the portal blood rises shar[»ly ; the fatty acid, (Ui ixviching tin* liver, is 
retain<‘d th(*re and tin* systemic chylomicron count ri*inains low. 

(iii) Only about two-thirds of tin* absorbed fat caji be .n*cov(*ied by 
cannulating tln^ lymphatics ; it is argued that the missing third is absorljcd 
by some other route, j)ossil»ly din*ctly into the blood stream. 

(iv) If cetyl sulphate is added to neutral fat introduced into the intestine 
it iias two main (‘Ifects : it ])roduces a very fine enudsion and it inhibits the 
action of lipase. Though ifi these eircumstaiu'es tin? neutral fat cannot be 

Frazer, tirit. weit. J., 11M7, ii, fttl. Ha per, ihiri.^ 1049, ii, 719. 
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liydi’Dlyzed to latty acid, lat is alisorliod <juilc rapidly ; tin* la.<'t.(*als hooii 
l)(^t.*o!ne milky, aiul fat (piickly af)p(‘ars in tlie systjmiic Mood, wlicmco it is 
(Mpositod ill the lat dt*pots hut not in tlie livm*. 

Tli(‘ most important ])ron*(jiiisit<' for tin* din^rt absorption of noiitral fat 
is its thoroimdi (Miiulsiticalion into ]>arti<*lfs wliirh aiv loss than 0-5// in 
iliam(‘tcr : it is normally oidy in th<‘ prosimco of mono-ulycoridt', fatty acid, 
and bile salt that tliis fine oinnlsion (‘an bo maintaim'd. 

In somi' unknown way those (‘mulsifn‘d noulral fat pai‘tioh‘s can jMMiotrati* 
into tho int(‘stinal oidls. During thoir passair(‘ ihroiiuh tin* intestinal wall th(‘y 
may l)o t(‘m])orarily translVn-nuMl into ji/insplHtliin'dr {plHtsj^lHtfldr) b(*foro 
boinu rooonv(*rtod into neutral fat to pass out of tin' cell into thr laett*als. 
Phospliatid(‘ formation inxolves tin' teinporary uptake of inoriranie phosj)hate 
and may lx* eatalysf'd by the <‘nzynie |)hosphatase whieh is [»n‘S(‘nt in hi^h 
eon('(‘ntration in tin' intestinal miieosa. Sonu* of the ('videnee support ini*' 
tin' phosphatide hy|.)otln'sis may be (piott'tl : 

(i) Tin* addition of phosjihate or of irlye(‘rnj)hosphat»' to the intestinal 
contents incn'ast's the rat<' of al)sorj)tion of fatty acids from a mixture of 
fatty acids, bile acids, and i»lycerol. 

(ii) lodoacetic acid and phloridzin, which inhibit pln^sphatasc, depress 
fatty acid absorption. 

(iii) The use of stainin^^ nn^tbods (of doubtful \alidity) purports to show 
that when these p<»isotis are us<.‘d fatty a<‘id absorption i> blocked be(*ausc 
plnrsphorylation d(»es not (»(‘cur. 

(iv) MxjX'rimeuts with radio-activ(' phosj>horus (as )>hosphat(‘) show 
a hijih tiirnov('r of jjhnsjihate during bit abs(»rj)tion. 

It is possible that fat absorption is inlliH'in'ed by tin* local concentration (>1’ 
('li'Clrolytes, by hormoin's and jH'rhaps I>y vitamins, 'fin* adrr'iial cortex, bv 
reeulatine tin* (‘h'CTrolytic balance' in tin* body Iluids, may la* a sul>sidiarv 
r(*eulatine factor (p. bbr)). 

It lias la'f'ii shown that very <inely •‘inulsilied li^juid parallin in which the 
particle size is less than ()'.">// can la* absorbed to tin* cxt(*nt of Itt*,, bv the 
rat intestine. Fortunat<*ly medicinal licjiiid parallin, when us(*d in cookinjj: 
or as a laxative*, is not sullicientiy finely dispers«*d to be. absorbed to a signifi¬ 
cant deere'e* in man. 

To summari/e : ellicient fat absorption retjiiir<*s l)oth //ya/.sc and hilr sails. 

(i) Lipasr prex.luce's sullicient lipolysis to form mono-^lvc.e*rid«*s and eli- 
irlyceuide's which te)}j[(*th<*r with the lah* acid-fattv acid com])h'X, (*nmlsifv 
the* undi< 4 (*sted tri-<j!lvc('rieh' and so e*nal>le it to be absorbenl. 

(ii) The biJr salts form a wate*r-soluble comple.v with fatty acids thus 
enablijj^^ tln*m to be absorbe*d ; and the complex also ln*lps (b\' proiiiolini: 
('inulsificatiou) the abserrption of urnli.ee'ste'd fat as .stated in (i) supra. 

The fundann*ntal importance* eef bile salts in fat absorjUion must be* 
(‘mjrha.sized. If Itile is e-xcluded from tln^ inte*stine*, fat di^r^.stion proce‘e*ds 
fairly normally, Imt laree annuints of fat. are^ lost in the* fa*ce'S (p. 

* In lliei rahhH tin* p;nn refiti<* dint fnle‘r.‘, ihr sin.dl intcstiin* some ;!() cm. Ih*1ow the 
hihi diiot; fat absorption oiilv oe*cnr.s hcyeaid the point ot entry of tlie^ |)ain realic duct, 
i.e. wluire jireliminarv lipr)lysis (liheralin<( fatly acirl and l(»\v(*r •jf|ycerifl(*.s) has taken 
place. (lonversirly the hih^ din t has }>een lijiatcMl and the ^edl hhnhler anastomo/ed with 
ihe distal |)arl ol'tin.* small intestine; some lid diaeslion occurs proximallv (owin^ to 
the* activity of the lipase ot tin- |)ancr(‘atic piiee), hut no absorption (n-enrs until eontaet 
with tluj bile has been esiahlishcd. 
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AIovkmk.nts ok thk ViiJj. -Sovor;i! Ii<inrs aftor a nusi], thv villi slit.w 
a variety ol inovomonts, iliv most. im)M)rtaiit la*iii^ a shortoiiiiiii (owiiiji; 
t.o (toutraclion of th(‘ snuioth Jiiiisoh- hhros) whirii loa<ls to coin- 

|)i‘cssioM ol* the contral la(‘1.oa,l aia) evacuation of its ialtv contents into 
th(‘ (lecjxn* lyniphat.ics. Tin* villi ar»* stiinulatf‘(l mcchanic'ally, hy certai*! 
constituents of tin* IVioil atnl hy an allcired hlood-liornc hormone laladh'd 
viUik'nuit. 

Tin* lym])h laden with lat is I'urtln*!* projiellcd : l»y intestinal mox'ements 
which comj)ress the va.lv(*d dee])er lynijdiaties ; hy the raised intra-abdominal 
])re.ssure. <lurinc inspiration; and lastly, by the in*c;itivc pressure in the 
thorax, it j)asses up the thoracic duct into the i^rcat vcin-^ at tin* root of 
the n(*ck and thus into tin* syst(*mi(r circulation. 

Blood Fat. -Tin* blood contaitis lat in the tollowinc forms (the tigures 
in parenth(*s(‘s ^iv(* tin* normal jilasma h‘vels in me. p(*r JOO c.c.) : 

(i) mainly as neutral fat ainl fatty acids Ibtt) ; 

(ii) as lecithin and other choline-containine phos[)hollphh‘s (lot 1-250) ; 

(iii) as fr(*(‘ c.hoh‘s1(*rol and choh*.st(*rol esters (choiesteri(h*s) (total J50-250 

of vvliich is tin* ester form). 

An increase in lilood-hit is <‘alled a hfHtnuti. The inci’ease in t;he l)lood 
concentration of n(*utral fat which follows a meal is irregular and unpredict¬ 
able. Tin* blood-fat is also increased it) the iV»llowine (‘(unlitions : (i) sUirnt- 
fitm (p. bOO) : (ii) incllitas (p. '>21); (iii) pn’ifnnnt'tf \ (is ) c(‘rtain 

rvp(*.s of renal disea,se {nephrusis (]>. Ill)): (v) jnpjfnlnnft (p. bS|). 

Fate of Fat after Absorption. After al)sorption, fat is rr<*at(*d in 
various ways : 

(1) It und(.‘rc’(.x‘s cmny>/c/c (Ki'ufutnm in tin* tissues to yield en(*rc;y, ('O.j, 
and ll.A) (p. J^72). \Vln*n J .u. of mixed fat is cojnplet(*ly oxi«liz(*d to iXKj, and 

b-1 (all. of ln*at an* ]>roduc(*d ; durinjr the metabolic dissimilation of 
fat , a hifce proportion of this amount ol energy is made availalih* to the body 
as hic^h-cFiercV pliosjdiate bonds. ** Acetic acid units d(*ri\'ed from t in* 
bri*al\down of fat can la* used in aatplation. rc'actions and lor tin* sijyithofos ol 
acc1oact*tic acid and C(*rt.ain body compoiu'nts (p. S73). 

(2) Jt is slomJ (as m*utral fat) in the fat depots. In contrast to the small 

caibohydrate r(*s(*rves (<)-5 ku.), fat may b(* stored in tin* body in v<*ry large 
amounts. On an average, fat forms over ‘>1 the body weight (y.c. about 

7 kg. in an adult, (*ipiivalent to an energy res(*r\'e ot 1<M)0 Cal. p(*r kg. ol 
body weight, or inon* than a month’s total l(»od energy) ; in p(‘Ople who arc 
over-weight the fat reserves are much bigg<'r. 

It must lx* emphasized that neuti'al fat is not deposited int(*rstitially in tin* 
matrix bel.we(*n cells or fibn*s ; it is taken up by tJie c(*lls ol nth pose tissue, in 
whitdi tlie cytoplasm gradually diminishes in amount as tin* lat actnimulates, 
until tin* <*(*11 ]x*.conn*s a t hin, cytoplasmic micleat(‘d en\'(*lo|>e en(*h).sing a larg(* 
fat dro])let. Adipose tissue should be icgarded as a highly specific tissue, 
taking up fat differentially when fat is pres(*nt in excess ol the Ixxly s irnmediiUi* 
metabolic needs, and releasing it when r(*quired. Adipose tissue takes up fat 
in the same selective manner as, for example, tin; thyroid takes up iodine. 
Nothing is known about the wav in which the finely emulsifi(‘.d fat particles 
in the bIo(xJ entor tlie adipos(* tissm* cells or, what is ev(*n more difhcult to 
understand, how tln^ s(*emingly uiiem nisi tied tat in tin* adipose tissin* celh is 
discharged into tin* (circulation. There is t*.vid<*ncc that the activity ol a<bjx)st* 
28 
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tissue is under luirinoiud control Ijiit the details ol the reuulat-ioii are still 
extretnely ohseured 

(»i) Fat is luiilt into the filrucltnr of all tissues. T1 h‘ struetiwal lij)i(h‘ 
consists of tin* follo\vini.j uiro]ij»s of lipiiles (see p. .S(»l for tlnu’r (dn*mieal 
f‘oniposition) : 

(i) Lrvilhins (and the ndated 

(ii) (7/o/<'.s7ero/e,s‘ (<diolest(*rol est(‘rs of fatty acids). 

Tile constituent iatty acids in tln‘se two uroups an* mainly unsaturated 
(iinlikt^ the fatly acids in depot fat. many of which are fully saturated). 
Le('ithin and eholesterides are essential const it lumts of all c(*ll inemhranes ; 
h'cithin is a cninponeiit <»f the medullary sheath of nerve tihres. 

(iii) (’ertain specialized lipides like the spIdHffttHtj/rlihs and ren^hrasiilcs of 
the central nervous system. 

(iv) The sjH'cialized sfrroiil Itnntnmryt of the ovary, t<‘slis, and adrenal 
eortex (j»p. H• j 1 tf.. ‘.t)tl), 

Stru<‘tural. lipides :ir(‘ as integral a part r>i' the cell architecture as a?‘e 
proteins; tlu'V constitute the /IriHfnt tmisttinl «)f tin* total hodv li|»ide (in 
contrast to tin* rlrnH'Hf rannhlr or neutral fat L»f the fat depiUs). In starvation, 
the iK'Utral fat in the dej)ots is call<*d uf»on and used for producing (‘n(‘rey, 
Imt struct lira I lipid(*s ((■■h'niaif ro/isfdttf) are unaffected in amount. 

Sources of Decot Fat. Tin* lu'utral fat in adipose tissue is derived from 
t wo main sources : 

(1) From food-fat. 

(ii) From carhoinfdrafa. 'Fhe classical proof ((Jilbert ami Lawes) is as 
follows ; younu' piirs fed on barley, deposit larue amounts of fat, more than 
could be derived from tin* fat and piot(-in of the food ev(‘n if it were assumed 
that ail the caibon of tin* innesled prot(*in wejjt to form fat ; (‘learly the fat 
which had been <lejio'<ited must haxa* been })art ly deri\’(*d from carbohvdrat(*.‘-* 
The details of t he eai bohydratf* >-fat transformation are consid(‘n*d on p. S7 I. 

It has been (daimed o?i tin* basis of animal <*xperiment.s that the reversi* 
reactif)!) can occur, /.c. that fat can be transformed into carbohydrate (blood 
ulucose) on a Idn/r scdir ; these expi*riments are, however, open t(» other 
interpretations, and it is now .ij<*nerally consi<iert*d that, fatty acids cannot 
be a inajor source of bloo<l ^ImaiM* (ji. S74). 

Relation of Liver to Fat Metabolism. (1) When fats are to be used 
in the body they ale withdrawn (by unknown means) from the fat reservt*s, 
f.r. the adipose tissm* cell,-., ami pass to the liver ; t he fat content of tin* liv<*r 
may be little alteied. as the fat is broken down as fast as it. arrives. 

(2) The neiit ral fat content of t he liver is titrrrffsrdii\ the following conditions: 

(i) On a hit'll fat diet which is also deficient in tiu* .so-calle<l Upotropir 
fddotii (/.c. choline and methionim*; s(‘e }). ^<>7). 

(ii) In starvation. 

(iii) After jaincreatectomy, in animals kept alive })v a«le(piat.e doses of 
insulin.-* 

The fat-laden liver arising; from tliesc* conditions is r*alled n fdty liver. 

^ AilifM)se tissue it'srrves UK»re n-speet for its physiolr»;rie}il ilies IIlui it ciisteiiuirily 
receives, «*.spe( i;illv as its storage finietiori is s(t fmwiieti uptui tn (asiiioii. 

“ Sifuilariv. potatoes ap* ri^d«tly 4'ofHjeiinie<l as “ fattfniiijjr ” In' those, anxious about 
their liLUires, tln>ii<r}i tla* fat ('ouleril of potatoes is almost nil (e;nb(>)iy(lrate IU‘*k. protein 

water and fat b-r!,',). 

Katty liver also occurs after injection of (rertain anterior pituitary extracts. 
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(3) Tlit^ iHMitral fVii in tin* li\(?r is l>roknn down hy liydrolysis into fflycfnd 
and fat ft/ adds (rnzyino : liver lipase). 

(i) The (jlyeern! is uliiiziMl via. tin* patliwavs ol‘ (.‘arholivdratt* ni(*tnf.)()lisni 

(|>. 

(ii) "Vhv /(tUff aeids an* oxidized lo fVaj^menls (‘OJitaiidn^ 2 i* eaedi ; tlM*se 

iVii^inents are either (n) <‘onipletely tuidi^ed to (’().> and with enetjzv 

liberation, or (b) rerniahiited to jurive acefanectii' add {a J(‘ euniiMnind, 

; this hitler proeess is termed /,rffi(/rjtrsis\ since aoetoacel ic 

acid is a ketoin*. 

It appears that tin* liver cannot lurther nn*iab(»Iiz«‘ acetoacetic acid ; any 
ac(‘toa('(‘t.ic acid that 1 in*li\a*r niaiJnract-un*^troin Tatty acid.s must bedist ribiited 
to tlic tissues^ where it is completely oxidized to yi(‘ld and eneriry. 

'Idi(*S(* react ions are mr»re Tully discussed on pp. SOI) S71. 

(A) In circumstances oT carbohydrate d(*ticiency, tin* metabolism oT liver 
Tat can f)]ay a- part in tin* maintenance of t.he blood phaose level. Tin* iis (‘r can 
(i) y'ncm/s-cthe metabolism ot‘fat (including t he production of acetoacetic acid 
Tor vnvv^y utilization in tissues) and thus “spare" tin* available carbohydrate, 
and (ii) pf>ssibly convert some small part of the Tat into ;.!lucosi‘ (or j^lycoevjj). 

A (l<*tailed disciissioti is jxivi*!! on pj>. >^7 J, 808. 

Fatty Liver. Lipotropins. In th(* (*ondition oT Tatty liver, a ei<>ssly 
(‘idare(*d liver containing massive d(*]»osilions of neutral Tat. is Toiiud. The 
causes oT Tatty liver W('r(' enumerated in (2) above ; each oT tin* three (-on- 
ditions there mentioned will now be consider(*<l ijj d(*tail. 

(1) UntH Fat Dikt. - In anittials eiveii a hieh n(*utral Tat dit‘t, Tatty 
liver dev<*lops. Und<‘r s\ich circumstanc<‘s. Tat b<*t*omes tin*, principal s(>ur<'<* 
oT cfierey Tor t he body and it is appropriat.t* that laree amounts oT Tat sliouhl 
be linuight to the liver Tor comph'te or partial dissimilatioti ; but one w'ould 
expect that a suit-abh* balance* would be struck betw(*(*n the Uf)take of fat by 
the liver and its complete oxi<lation or its redistribution to the tissues as 
aceloac(*tic acid. It is surprisirifr to find, rh(*r(‘Tore, that the uptake oT fat 
bv the liver sliould exc(*ed, so mai kedly, its rate of despat(‘h. The lat c.ont(‘nt 
of the fatty liver is, however, considerably decreased l)y adniinisterin^ : 
(i) meifrioniae (nr hire(‘ amounts of j>roteins rich in methionine); or (ii) choline, 
or the related substance* betaine ; or (iii) lecithin (which contains choline). 

Ride of Lipotropins. A substance* which reduces the anioimt oT liver fat 
is called a lipofropin {lipotropic factor). It is thought that the lipotropins 
other than choliru* its(*lf an' (*ITectiv(* be(*aust* tln'v contain choline or because 
they promote clioline synthesis. (’onsid(*riitL^ the substances already mentioned 
we find : 

(i) lVb*t.hionine is a incthifl donor (p. 882) ; it .su|)plics labile methyl ((lH.j-) 
«rrouj)s to cfhanolannnc (cholamint*, //.amino-ethanol) to form idioline. The 
ethanolamine is synthesized in the body from glycine (probably via serine). 

llgN.C’Ho.COOn H^N (MU.riLOlI --V ((Ul3),NCUL>Cli20H 

jijlycine. (‘iliatjoJaininr. Troin OH' 

metliioniFa*. choline (base). 

CH.V- S.CH ,.(Ml3.(M-r(NH2)('(MIH (CH3)3N.Cll2.(,’(K)' 

molhiuniiic. beiaiiic. 
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(ii) (a metliylati'd glycino derivativ(') is also a mdlnjl donor. 
and its methyl groups can be used to synthesize cholini? IVoin (‘tlianolamim‘. 
It is unlikely that betaim* can be transformed directly into choline, though 
choline is known to be oxidiz(‘d to betaine. 

(iii) Lecithin contains choline as part of the mohicule (]). SOI) and liberates 
choline on hydrolysis. 

The mode of action (»f choline as a lipotroj)in is unknown. It may promote 
the conversion of liv(*r fat into choline-containinji j>hospholi])ids (c.g. 
h‘cithins) which ar(‘ mon* r(‘adily transferred from tlie liver into the 
blood. The imj)ortant point. how(‘ver, is that choline preecnis and cures 
fatty liver. 

Clioline deliciency also ^ives ris(‘ to haunorrha^ic Jiecrosis of the kidneys : 
this disonh'r mav likewi.se ))(‘ dm* to insullicient lecithin formation in the 
renal cells. 

Transport and Role of Choline. (Mioline is not. t ra.n.sj>ort.ed in th<* hlo(Mi 
in th(‘ free state hut always in the cornhined form, i.e. as part of ])hos]jholif)i(le 
molecules (lecithin, sjihingomyelin). The normal level of l)lood choline, in 
man (pres(‘nt as ])hos|)holii)idej is 30-50 mg i states of choline deliciency 
giving rise to fatty liver, the hlood choline is mmdi less. 

Choline is an indisj»ensabl(‘ constituent of the body; if the nect*ssarv 
groupings are not available for its .synthesis, then .sullici(*ni choline must be 
provided, as such, in the food. It i.s"not strictly speaking a. vitarnin (though 
occasionally j)ut in this (category) becau.se it can he syntiiesi/(‘d in achujuat-e 
amount by the body. As explained on p. 883, choline promotes creatim* 
synthe.sis hticause of it s action as a methyl donor via methionitie. 

(2) STAKVATiON."-In .starvation, the .stre.ss of im^tabolisrn also falls on 
fat, i.e. the fat in tin* d(*pots. As li[)otroj>in.s an* not availal>le in ade(pia1(* 
amounts, fat accumulates in the liv(*r. 

(3) After Panckeatectomv,^ If a pancreat(*clomized animal is kept 
alive with in.sulin, fatty liv<*r develofis even on a hit-free diet (e.y. a. dint 
of lean meat and .sugar). In pan(!r(^at(*ctomized dogs, tin* Iiv(‘r w(*ight may 
increase fourfold and the total li|Mde cont(*nt increa.se thirtyfold over the 
normal values. The condition is cur(»d by admini.stering large ainounts of 
choliin* or of methionine. The (pie.stion ari.ses why the high meat intak(* 
(which is rich in cornhined methionine, i.e. pre.sent in the protein molecules) 
does not prevent the dev(*lopment of fatty liver. It seems that, owing to tin* 
absence of jtancreatic juice, a factor (probably a ]>rot(*olytic (*nzyme) is lacking 
which is nece.s.sary for the splitting off of the methionine from the food protein 
moh*cules in the gut ; con.sequently, jirotein dige.stion and methionine 
liberation are inii)aired. The fatty liver can be cured (i) by admini.stering 
raw pancreas or fresh pancreatic juice, both of which contain the mi.ssing 
factor, or (ii) by administering protein hydrolysates which contain frtn* 
methionine, j in pancreatic disease with deficiency of the external secretions 
it is therefore advi.sable to give lipotropins (choline, methionine) to pnjvent 
the. d(iveloprnent of fatty liver (p. 795).] The subcutaneous injectimi of a 
pancreatic extract called lipocaic is said to cure the fatty liver which develops 
after ])ancreatectomy; lipocaic must thus act outside the bowel but its 
mode of action is unknown. The liability of the chronic diabetic patient to 
develop fatty liver should be noted (p. 924). 

* Chaikoff and Entinimaii, Advarn^ea in Kmymology, J94S, A', 171. 
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Effk(its of Fatty IjIver.—W hen the liver cells are laden with tat their 
functional activity is directly depressed ; in addition the swollen cells com 
press the vascular ca])illaries, and so diminish the blood siif)ply, especially to 
the cenlralobular cells (p. 821). With the development of fatty liver hepatic 
fancfion is impaired, the most o}>vious syrn])tom bein^ reduced glaeogotesis 
with ihe r(‘sult tliat the lasting blood glucose, level of an atlect(*d diabetic 
|)ati(Mit may fall t(» normal (or lower) even in the ahsertee ofiusuli}i. The patient 
is also extremely sensitive to injected insulin (j). b27). 

End resfdts of Fatty Liver : Diffuse liepatie Fibrosis (Cirrhosis). 
Gross chronic fatty liver leads to the death of many liver cells and their 
replactunent l)y scar tissue. The condition is then called diffuse hepatie 
fibrosis (cirrhosis of the liver). The scarring, by interfering with the hepatic 
blood supply, aggravates the condition, setting up a vicious circle leading to 
more necrosis and more scarring. Diffuse hepatic fibrosis secondary to 
fatty liver occurs clinically in the following states : 

(i) In severe malnutrition (especially in the tropics). The diet is deficient 
in fat and in protein ; the lack of lipotropins is probably the main factor 
responsible for the condition.^ 

(ii) In so-called “ alcoholic cirrhosis : the liver is initially ‘‘ fatty ** and 
later shows fibrosis. The essential cause is a diet deficient in lipotropins 
aggravated by their defective absorption from the intestine. The drinking of 
excessive amounts of alcohol contributes only indirectly to the condition by 
leading to loss of appetite and decreased food intake and by setting up gastro¬ 
enteritis, thus interfering with absorption. 

Relation of Liver to Ketogenesis. — (1) Ketone Bodies.— The name 
“ ketone bodies ” (or “ acetone bodies *') is applied to the following three 
substances, which form a inetabolically-relatcjd group : 

acetoacetic acid (CH 3 .C 6 .CH 0 .COOH) 

/i.hydroxy-butyric acid (CH3.CHOH.CH2.COOII) 
acetone (CH3.CO.CH3) 

(i) Acetoacetic acid is the parent substance of the group, and is forim»d 
during the dissimilation of (a) long-chain fatty acids from iat (]). 871), and 
(h) certain of the. essential amino-acids (p. 888). In the body, ac(‘toacetic 
acid is found associated with /£!.hydroxy-butyric acid and small amounts of 
ac(*.tone. 

(ii) /l.Hydroxy-butyric acid is the reduction product of acetoacetic acid 
(i.r. it is formed by the addition of 2 H) ; the two acids are freely inttu- 
convertibl(‘. 

(iii) Acetone only ari.ses from acetoacetic acid by .sj)ontaneous and aon- 
reversihle decarboxylation (loss of CO. 2 ), a reaction which occurs chiefly in tlie 
lungs and bladder. 

It should be noted that one of the three “ ketoiu* bodi(\s,” namely 
/Ahydroxy-butyric acid, is not a ketone, though it is mt»tabolicaIly derived from 
one (acetoacetic ac.id). 

The inter-relationships of th(j ketone bodies are summarized in Fig. 560. 

The live.r is the only organ which produces ketone bodies on any significant 
scale. A comparison of the ketone body content of the blood which enters 

^ There is an interesting tropical (mainly African) deficiency disease called ktuashiorkor 
which is characterized by an enlarged grossly fatty liver and other disturbances (steator- 
rhoea, macrocytic anaemia, and cedema). 
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jiiid loavos tilt' liver shows that the berr forms ketonr bodies and delivers them 
into the hepatic vein for circulation to, and dissimilation by, the tissues. All 
the tissues, with the exception of tlie brain and the liver itself, can dissiinilate 
aeetOMcetic a(;id to (X)^, HoO and usable energy (]>. 872). 

(2) Blood Ketonk liKVKL. Ke'J’osts. -'I’he normal non-fasting blood 
ketone l(‘vel is small (O-b 2 ni" ^*o) ^ even a short-term fast (of two or thr(‘e 
days) increases this level as much as fiftyfold. The amount of cireulatin;j: 
ketone defends ii|)on tin* balance* betwe(*n (i) ketone formation by the liver 
and (ii) ketone dissimilation by the tissues. Little* is k?iown about the factors 
that dett*rmine ke‘tonc dissimilation ; it is not a[)|)an*ntly iidlu('nc(‘d by tin* 
hormoiies. There is, lioweNcr, a maximum atnount of fat wiiich the* tissu(*s 
can use (mostly as acetoav-etie acid), namely a]u>ut 2-5 of fat per ku;. ])er‘ 
day, equival(‘nt to ITb of fat daily in a 70 k^. man. Tin* rate* of k(*to- 
genesis in the liver varies greatly according to circumstances (p. 875). If 
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Pic. ."iUO. !iiter-relationshif>s ol tlie Kelfinc' Podies " [ef‘. with Fig. otii?]. 


ketogeiiesis proceeds al an unduly high rate, exceeding the rate at which 
dissimilation <*an be carried on by the tissuf*s, tln'ii ketones accumulate in the 
blood. This condition is called ketosis, jitid may lead to tin* excn*tiou of 
ketone ])odies in the urine. In <*xtreme ketosis, tin* urinary k(*ton(*. outynit 
may n‘acli 100 120 g. per day. 

The resjionses of the body to the accumulation of ketones in tin* blood an* 
discussed on pj). b24, 102. 

(5) Mec’hamsm of Ketoxe Body Fohm.ation. F.atty .AorD Oxijiation. 
- The neutral fat in the liver is hydrolyzed as required, r(*l(!asing glycerol 
and long-chain fatty acids, the majority containing 10 or 18 C atoms (e.g. 
palmitic, stearic, and oleic acids). 

The next stage is the breakdown, mainly in the liver, of these long carbon 
chains into “ fragments ” containing two carbon atoms each ; this is con¬ 
sidered to occur in two successive steps (Fig. 561) : 

(i) Firstly, an oxidation converts every alternate CH 2 - group of the 
chain into CO-, starting from the -CTJo in the fi. position relative to the 
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COOIJ ^roiij) ; such f)xi(latioij is called alternaie fj.o.ridali<m. lit 

* 

Fi^?. 501, the ])(>sitit)n is marked (■, and oxidation occurs tlien^ and at. (aich 

alternate position, marked 0 alon*^ tlu' cliaiii. 

(ii) The oxidation is followed by a dearafje of the bonds between the 
remainin*: -Cll.,- ^Toups and the -CO- groufts fornu'd in stej) (i), ‘.nvin^^ 
“ 20 fragments.” Tin; [lositions of cleavage are indicated in Fig. 501 by tlie 
thin vertical lines. The addition of II/) or is involv(‘d in this cleavage. 


( If,.<‘it,.( n,.('M,.(’H,.('H,.(‘H,..rH.,.CH ..( 11,.,.(’(>()[{ 

|ialtititic acid 

(i) I ahcriijite [i. o.xidation 

('fr,.co-(’iij.f'()--eUj.t'o--CHj.co-|-CH./‘o--ciri,.co-ciij.c'o--ciij.cooir 

(ii) I doava,'i‘ 


20 I 2 <'' -i 2 (' ! 20 I- 20 ■! 20 + 20 + 20 

unit unit unit unit unit unit unit unit 


Fi(i. aOI. - Iheakdown of Palmitic Acid to ’ A(?(‘tic Acid I'nits.'’ 


The 16C chain of palmitic acid yields S " fragments,” ea.c]i containing 
2 0 atoms and derived from Clio (X) . These fiagments are thus r(‘lat(‘d 
to (and largely Ixdiave as) acetic acid, CIT.,-CO-Ofl, but are ])robably not 
uhmtical with it; the fragrmmts will be reftTnal to hen' as “ 2(' fragments ” 
or as “ acetic acid units ” (in inv<*rtt‘d commas).* 

Isotofie experiments using acids containing “ labelh'd " C atoms in known 
positions havi; given tiu' following additional information : 

(i) The “ 2(' fragments formed in the liv(*i‘ can be conr/dctcl(f dissiaiilated 
ill tile liver to CO.^, 11.^0, ami energy, via the citric acid cyeh' (p. S72). 

(ii) Instea,d of being completely oxidiz<*d. tlu* " 2(' fragments ” can react 
together in random fashion to form molecules of the 1C ketone body, 
acetoaeetir aeid : 


2 “ 2C fragments " 
(ac('ii(^ iuhl units). 


- > Cli.j.C0 CHo.(H)()H 

2(^ 2C 

fragment. fragfiumt. 


Thus a. molecule of palmitic acid (IG C) is split in the liver into 8 highly 
reactive ” 2C fragments ” ; these immi'diately giv(^ rise to IG molecules of 
COo, or 4 iiiolecul(*s of acetoaci'tic acid (4 x4C), or a jiroportion of each. The 
acetoacetic acid is distributed to the tissues, and is tlunt? oxidized to COo. 
It is usually assumed that the first step in the oxidative dissimilation of 
acetoacetic acid by the tissues, is its re-splitting to “ 2C fragments ” (p. 872). 


^ As might be expected, the terminal “ 2C fragment m ” from each emi of the fatty 
acid chain differ from each other and from the “ 2C fragments ” from the main part of 
the chain; the difference has no major metabolic significance. 
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Tli(* ]>rtn)()rti()ii of “ 2C rnijjjnu'nts " foriniiijj; acetoacetic acid rathor tliaii 
iniincdiatciy oxidisc'd fo COo is determined by the rat(‘ of the siniul- 
T;m(‘oiis caiboliydralc dissimilation in tlie liver. If tin* rate of carbohifdmtv 
dissimiJafi(m is (Irinrsst’fl (as in diabetc's or starvation), then the ])ro])ortion 
iA' (i(rfo(irrfl(‘ arid finiuvd risr.s\ and ketosis may (h‘V(*lo}). A f>ossil)le explana¬ 
tion for this effect is iriNeJi on j). 875, but. it must l)e admitted that \v(‘ still 
know V(‘ry little about the ])Tecise factors which re.irulate ht‘f)atie keto^enesis. 

Utilization and Dissimilation of Fat. Tin* k(‘y step in the metabolic 
utilization of lat is the oxidation and cleavai^** of the lony-('hain fatty acids 
U) yield reactive fraiLimcnts " (“ acetic acid units ’*) as descrihed above. 

This (»ccurs mainly in the liver (though there is evidence for s(un(* normal 
oxidation of lon‘x-chain fatty acids in other oreans, c.r/. a liverh‘ss dog can 
oxidize up to 40“^, of administered bitty acid). 

■■ Acetic acid units are liigbly reactive, and immediately they are 
formed they undergo other changes, as follows : 

(1) Self-Condensation to Give Acetoacettc Acid. —The random self- 
condensation of two “ ac(*tic acid units ” forms the 4C comjtound, acetoacetic 
acid (j). 871). This is carried in the circulation to other tissues which can 
dissimilate it (see 2 (i) below). 

(2) Dissimilation to C()o and HgO.—Acetic acid units " and aceto- 
aceti(5 acid are probably completely dissimilated by entering the citric acid 
(Krebs) cycle, 'i.(\ the set of enzyme systems which constitute' tin? “ common 
metabolic pathway ” for most of the foodstuifs (p|>. 850, 853).^ 

(i) An “ acetic acid unit ” (“ 2G fragment ” from fatty acid) is metabolized 
in exactly the sarm' way as tin' acetic acid which is formed by the oxidative 
d<*(Nirboxylation of pyruvic acid (from carbohydrate' (p. 850)). It combines 
with oxaloacetic acid (1C) to give the 6C tricarboxylic acid, citric acid : 
this then " go('s round the cycle,’' losiiig two carbon atoms in the form of 
two molecules of (Tig by two succ(‘.ssive d('carboxylations. As a result, 
eiH'rgy is liberated which is much' available to the body through the 
high-en(‘rgy j)hos{.)hate })onds of ATl^ (p. 852); oxaloacetic acid is rcgenerati'd, 
and is ready for reaction with a further “ acetic acid unit ” (Figs. 502, 558). 

(ii) Jt apjjcars that the main step in the dissimilation oH acdoacetic acid 
in the tissues is its re-splitting into two *’ 2C fragments ; these are then 
oxidized by the enzynn's of the Kn'bs citric acid cycle ])resent in tin' tissue 
c(mcerned. Liver and brain seem miable to split aci'toacetic acid, and thus 
cannot utilize' it to any extent. 

Acetoacetic acid may also be a.bh^ to ('iitt'r the citric acid cycle directly (say 
at a 4(.J stage) but this must constitute a minor pathway. 

It can l.)e seen from Fig. 502 that for the comph't^' dissimilation of fats 
via “ 2C fragments, ’ oxaloacetic acid must be availaide from some source 
(e.ff. from j>yruvic acid (p. 85(.)) or from aspartic acid (p. 889)) ; otln;rwise 
tin; “ 20 fragments ” will form (?orres|)ondingly larger (juantities of acetoacetic. 
acid, and kdosis will develop (p. 875). 

^ “ Acetic, acid units (2(5 and aee'toacetie acid (4C5 are the “ ready money ” of fat 
metabolism. The lon^j (■ chain of the fal.ty acids is appropriate for storage purposes only, 
and represents capital locked away in securities. This wealth is not negotiable directly, 
hut must be converted into the rt‘ady money of 2C and 40 fragments (20 fragments fiir 
buying a paper or paying a bus fare ; 40 “ notes ” for putting the wealth into circulation). 
Just as ready money in sufScient quantity can be converted into securities, so can 20 
fragments from any source bo built up into the long 0 chain of the fatty acids (p. 873). 
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(3) Acktylation Ri*:A(vn()NS.—The active “ acetic acid unit ' can be 
(unployed by tlie body in acetyJating reactions, c.//. the synthesis of acetyl¬ 
choline (p. 508) or tJi(‘ acetylation of aniines during their (Jetoxi(\‘ition ^ l)V' 
1 Ij(; livw (p. 828). 

GH.vCO O.Cn,(Ml2N(CH,)3()ir CH3.CO NH.CVH,.S(),NH, 

acc'l \ K-hcliiic acetylsijlf)]ianiliiini(l(* 

(I) UsK AS JhjJLi)iN(; Knit for Body roMpoNKXTS. - Evidence from 
isot(»pe experiments sliows that labelh‘d C atr)Tns from acetic acid (or com¬ 
pounds giving ris(‘ to " acetic acid units ") can be built iiito the molecules 
nf (i) rholestcrol (most of its 27 (’ atoms corne dir(*etly fF'om “ acetic acid 
units*') ; (ii) ham porphtfrins^ and (iii) the intermediates of the citric acid 
cycle and ihidr derivatives. 


CARBOHYDRATE 



Flc. r)()2. 'I’tu* Fnrinaticn uiid Dissiijiilatioii of Fat. (Diagram l»y J. B. 

[Xolc the irreversihilily of the pyruvic acid-^acctic acid step.J 

(5) IIesy.nthesis of Fatty Acid. " Acetic acid units ” (from any 
source) can be built, up into long-chain fatty acids, and thetice into fat. This 
presumably occurs by the successive condensation of ** 2C fragments ” 
followed by, or simultaneous with, a nniuction process {i.c. the. reversal of 
the breakdown of fatty acids), and requires an external supply of energy. 
In support of this view W(‘ have : 

(i) all fats are built from fatty acids witli an even number of C atoms ; 

(ii) isotope experiments show that when ac(^tic acid CDg.^-'^COOH, 
labelled with and deuterium (D, heavy hydrogen), is fed to animals, 
the liver fats have an isotope distribution in the fatty acid chains thus : 
-CD^.i^CHg CDs.^acii^-CDa.^^COOH. 

28* 
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('ooiZifinc-A.- - 'V\w |)n‘s<*iH*o of a cocnzynie is required for r(*a.(^tioJis iu- 
volviiie acctir acid units ' ; this coenzynic is termed coer}zyme-A (A for 
Ae(“t \dation) and contains [unifolhemc acid —yet aiiotlier example of a B-^rou]) 
vitamin with a specific role in an enzyme system (p. if.). 

Integration of Fat and Carbohydrate Metabolism. —Conversion 
OK Cauuoh VDKATE TO Kai'. The w(‘ll-kno\vn conversion of dietary carbo- 
hydrate into depot fat. lias been mentioned on j). 806. It is obvious from 
Fii^. 06*2 that tin' pathwavs of carbohydrate' and fat metabolism me(*t at tin* 
common intt'rmediati*, ac('tic aci<l (f>r “ 2 C fra<:ment ”). Sinc(* fatty acid is 
ie\ersiblv formed from *' 2 C fragments " tin* way isopen for tin* transformation 
of carbohydrate via ])yruvic acid and a<*etic acid int(» Jafly acids. This trans- 
forma tkm is ]>romot(d by insulin and depressed by anterior pituitary 
hoi inones {p]). I .T, -eiJ i). 

(Jlvcc'rol from the hydrolysis of fats is converted into a triose (|)robably 
|)hos])hoelv('eraldeliyde) and joins the main pathway of earbohydrat-e 
metaliolism (|). 818 ). 'rhis reaction is reversibh', allowing carbt)hydrate to 
l»e used for the svnttiesis <A' yIyccrol when this is needed for the deposition of 
fatty acids as body fat. 

cmindnfdntlc triose glycerol 

H 

pyruvic 
acid 


acetic k' fatty 
acid acids 

Conversion of Fat to (f\Rr»o]ivi)RATE.—As .stated above, the ylycero! of 
fats can ji)in the ri'vi'rsilile pathway t)f carbohydrate metabolism and thus b(' 
built into glucose* or glyccjgen. 'riiis would allo\v tin* formation of (»nly 12 g. 
of blood gluciise. from 1 (H» g. of fat, wliereas it has been thought tliat much 
un'ater conversion than this could occur in the fa.sting animal. Th(*re is no 
doubt (from isotope experiments) that C atoms from a,(*,eti(; acid (and other 
moh'cules giving rise to ae<‘tic acid units.” v.y. fatty acids) can be l)uilt 
into the molecule (T glucose by the liver. A consideration of Figs. 562, 559, 
how(‘V(‘r, shows that iat nrl increase of glucose* could arise* in this way. There 
is no known ])athwa.y in animals by which tin? fatty acid-->glucose conversion 
could be accomj)lished. Arty net increase in the glucost* of the body fluids 
that dt>cs anne dircrtly IVom fatty acid must be* deri\'(‘d from tin* synthesis 
of. sav, succinic acid ( IC) wliich would directly enter into the Krebs cycle 
and could thus be c<mverted into (»xaloace.tic acid and th(*nce into pyruvic 
acid and glucose ; this nmst. be a. minor ftathway. Uncit'r conditions of 
carbolivdrate deficiency, the chief function of tin* liver is to proeidc acefoacetic 
acid for utilisation hy the tissues, thus " spariny '' the utilisation of the more 
mluahle blood ylucose. 

Dependence ok Fat Metabolism on Carbohydrate.— The complete 
dissimilation of fat via “ acetic acid units ” requires available supplies of 
oxaloacetic acid to “ catalyse the Krebs cycle (Fig. 562). This must be 
supplicfd from a source other than fat {since the pyruvic acid->acetic acid 
reaction is irreversible) ; the chief source of oxaloacetic acid is carbohydrate, 
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via, |)yruvi(’ acid and t,lic (!arboxylase roacdioii ([). SbO). The compleir 
dissimilation of fats in the liver thus requires the simuUaneous oxidation, of 
rarlxthydrate? Any cliaii'ic wliich reduccis the rate of carbohydrate oxidatioli 
in the liver will reduce the rate of (;oni}»lete oxidaXion of '' acetic acid units ” 
locally, without reducing their rate of formation ; iiuhaal, tlieir rate of 
formation may increase if fat is the only available energy source. Ho weaver, as 
tliese highly r(•activ(‘ “ 2 C fragments ” cannot accumulate, they undergo sell- 
condensation to form acetoacetic. acid. The lower the rate* of carboliydrate 
utilization in the liv(‘r relativ(‘ to tlie fat utilizaticjii, the greater is the jnoduc- 
tioM of acetoac(‘tic a(‘id. and t.h<‘ amount which circulal<‘s in t.hc‘ bloo<l corres¬ 
pondingly increases. IT the tissuf‘s cannot dissimilate, tlie increas(‘d sup}»lies 
of acetoacetic acid wliic.li r(^a.ch them, tlien ketosis results. Starvation, dia l>et(*s, 
and the oth<M* cir(!umstances that lead to ketosis all invoiva* a decn*ase in the 
normal ratio of carbohydrate to fat utilization in th(‘ liver. 

(’ahsks of Kf/I’osi.s. Keitisis occurs clinically and (*xp(Timentally in the 
following conditions : 

(1) With a, ](nv ylyeoyen and a htyh fat content in the liver, e.y. on a high 
fat, low carbohydrate diet, or in starvation (when the liver glycogen reserves 
are (*.xha.ust(*d and dejjot fat, is btdng utilized). Tt is thought in a vague way 
that under these coiiditions fat becomes the “ princijial substrate of the liv(*r 
cell “ leading to <‘xcessive ketom* body formation (p. (S7U). It should be 
noted that a. small proportion of the k(‘ton(‘s may be derived from k(*toge.nic 
amino-acids (ji. 888 ). The formation of glucose from glucogens may be 
simultaneously d<*press(.*(l. As the tissues cannot cop(‘ with all the ketones 
siippli(Ml to them, the blood ketone level rises.^ 

(2) From tin* inj(M‘tion of certain anterior pituitary extracts in normal 
animals (p. 957). These extracts “ mobilize ' (h‘pot fat, which passes into 
the blood streafn to reacli the liver ; liver bit is thus increased. Glucose 
<lissimilation is simultaneously de]>re,ssed, and liver glycogen is (hau'eascal 
owing to its conversion into blood ghico.^i*. For this reason, or b(‘cause of some 
additional specific action on the livin', these anterior pituitary e.xtracts incr(‘ase 
ketone formation in the liver, with resulting ketosis. 

(3) Ketosis (f Diabetes Midlitas. Action of Insulin. -.After removal of the 
islet tissin* oi’thc pancreas, the unantagonized actiim of the anterior ])ituitary 
leads to ketosis as described in (2) above. Injecti'd insulin (]>. 915) acts in 
the op|)osite manner : it })romotes de|)osition of def)ot fat and d(*cr(‘ases tin* 
flow of fat to the liver ; it increases glucose dissimilation and glycogen 
de])osition in the liver ; it ]>ossibly annuls the sj)eeiiic ketone-producing 
action of tin* ant(*rior pituitary. Thus by its action on the fat dej)ots and on 
the liver, insulin abolish(\s the ketosis of diabetes mcllitus ; it has no efl'ect 
on ketone utilization by the tissues.*^ 

^ This idea used to be o.\])ressed crudely l>ut vividJy in the phrase “ The fats burn in 
the flame of the carbohydiates.” 

® People differ greatly in their susceptibility to ketosis. Thus Eskimos can tolerate 
high fat diets that would cause gross ketosis in the average European. The body can 
apparently be “ trained ” gradually in the utilization of very high fat diets. 

® It is found empirically in clinical cases of diabetes mellitus that ketosis is avoided 
when the fat content (E) of the diet does not exceed the sum of twice the carbohydrate (C) 
and half the protein (P) contents. Jiriefly, F shtmld be less than 2C i JP, *dJ measurt^d 
in grammes. 
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PROTEIN METABOLISM 

Proteins.^—The proteins have complex molecular structures built mainly 
from a-amino-acids linked together in chains. Thi‘, linkage between the 
amino-acids is called a peptide bond ; molecules built U]) from many amino- 
acids are called pohfpeptides ; proteins are types of polype})tide, but their 
structures are so large and complex that relatively little of their molecular 
architecture has yet been (*lucidat<‘d. Hydrolysis (digestive or otherwise) 
converts a proteiii through stages of intermediate complexity (conventionally 
called metaproteins, proteoses, and peptones) to a mixture of amino-acids. 
About twenty different amino-acids have been found in the various proteins 
studied; most proteins contain a selection of 15-18 of these, though some 
proteins are built from only a few different amino-acids. 

The amino-acids have the general formula R.CH(NH2).C00H, where 
R is any one of a variety of organic groupings as shown below. The peptide 
bonds of a polypeptide chain are —^CO—NH—(amide) linkages of the follow- 
ing type ; 

R' R" 

_ _ — CO — NHin-co — NniH.co —nh— — — 

t_ t_ 

peptide 

bonds 

The physiological properties of the free arnino-acids depend upon the 
natun? of their constituent R groups ; the properties of th(‘. proteins are 
governed by the nature and mutual arrangement of the constituent amino- 
acids. 

Amino-Acids. - The names and formui«e of the jn-incipal amino-acids 
obtained by the hydrolysis of proteins are set out below : 

A mi no-acids with imsuhstituted C chains : 

1. Glycine («-amino-acetic acid) 

NH2.CH2.C()0H (Ii~H ; th(‘ simplest amino-acid) 

2. Alanine (a-arnino-propionic acid) 

Cll3.CH(Nll2)C()OH 

3. Valine 

(Cll3)2CH.CH(NH2)C()OH 

1. Leucine 

(CH3)2CHCH2.CH(N H 2)C()011 

5. Isoleucine 

(CH3)(C2H5)CH.C1I(NH2)C00H 

Hydroxyl-substituted amino-acids : 

6. Serine (a-amino-^-hydrOxy-propionic acid) 

H0.CH2.CH(NH2)C00H (3C chain) 

^ a 

^ Sahyun, OtUline of the Amino-Acids and Proteins, Sad edn., Now York, 1948. 

“ Amino-Acids and Proteins,” Cold Spring Harbor Symp, Quant. Biol., 1949, XIV. 
Haurowitz, Chemistry and Biology of Proteins, Now York, 1950. 


(30 chain) 
(50 branched chain) 
(t)(y branched chain) 
(00 braiKihed chain) 
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7. Threonine 

CH3CH(OH).C11(NH2)COOH (1C ei.ain) 

S'y/ 1phur<mitaining a mino-avids : 

8. Cysteine (a-amino-/^-lliiol-j)roj)ioiiie acid) 

HS.CH2.CH(NH2)C00H (3C chain not(‘ the rciictive HS. 


9. (Jvstine (dicysteine, the oxidation product of cystcurK^ 
“ 8.CH2.CH(x\Jl2)(X)OH 


group) 


S.C]r2.CH(Nll2)(T)()H 

lU. Methionine («-an}ino-y-ni(‘thylthio-l)utyric acid) 

CH 3 S.CH 2 CH 2 .C 1 I(NH 2 )(M) 0 H (4C chain - note tlie CIJ 3 S. 
^ “ grouf)) 

Arohiutic amiHo-ardds, derived from alanine (2.) ; 

J1. Plienylalanine (/?-phenyl-alanine) 

^ C1J2.C’H(NH2)C0()H 

12. Tyro.siue (/)tfm-liydroxy-pliciiyl-alaiiiiii‘) 

Cll 2 .Cll(NHj)CC) 0 H (a phenol) 


m. 


13. Thyroxine, an iodine-containing derivatiyi* of tyrosine, s(je p. 

14. Trv|)tophan (/Sf-indolyl-alanine) 

‘ / \ - CH2.CH(N1J2)C0()H 


NH 


Tlie amino-acids (1 to 14) set out above are neutral sul>stances, sinct* 
tliey contain one NHg. (basic) group and oik?. .COOH (acidic) grou}) which 
mutually neutralise each other. 

A eidir a m in o-acids : 

If). As]>artic acid (w-amino-succinic aidd) 

CII 2 .COOH 

(!h(NHj;)C(X)H 

l(j. (ilutamic acid (a-amiiio-glutari<: aedd) 

CHgOHg.COOH 

(jH(NH2)C00H 

The two amino-acids (15 and 10) s(?t out above contain an additional 
coon (acidic) group in the R group (i,e. they are /aounamino-fimarboxylic 
acids) and are acidic substances ; 

Basic ammo-acids : 

17. Arginine (a-amino-d-guanidino-valeric acid) 

Nil 

II « 

NHg—C—NH.CH 2 CH 2 CH 2 .CH(N}l 2 )COOH (5C chain) 

18. liysine (« : e-diainino-caproic acid) 

■ NH 2 .(ni 2 CH 2 CH 2 CH 2 .CH(NH 2 )COOH (OC chain) 


Asparagine-^ 
the p*-amidc 
(4C chain) 

(ilutaminc - - 
the y-amide 
(bC chain) 
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lit. Tlislidiuf (//-iTiiinazolyl-iiluiuiif) 

CH---- (\CH„.OH(N1I,)(’0()H 

I I ■ 

N Nil 


Tin* lliiDO aniino-arids (17, IS, l*J) srl out iihovc liaVD iiitid^tai-contaiiiiiii! 
R groups aiul art* Imstt' substances ; 

1 }tn : 

2(b ibulinc 

(Mlo - 011 2 

I I (;>(.- chain) 

OIL, CH.COOII 

\ / 

Ml 


iSubslaiicc 2U is actually an iHtiiin-ftnf/, Avilli an // Nil as part ol' a ring 
system. It is ifcufnil. 

Other aniim)-aci(ls of inctalxilic sigjiiticancc arc kimwn. luit th(‘y have not 
been found in protein molecules. Kxatnples are ntHflltinr and cilrullinr. of 
tile Kr(*bs urea cy(*l(* (p. SSS, Fig. o(»S), and l((ntHK"f/sfrnfr ibrmed I’mm 
iiudhionine (p. SS'b Fig. btij), 

Nucleoproteins. Nucleic Acids J Xucleoproteins an' conjugated 
proteins, consisting of a basic |)rotein cond)in(‘d with a Hinlcic tfciil. The 
protein moiety can be removed by acid tn'atnient. iVei'ing tin' nucleic acid. 

Nucleic acids arc ftohjiuiclvittidca Avhos(‘ exact stnictun* Jias not yet b('en 
determiin'd. On hydrolysis they yield ini.X(*d tniclmfldfs with the following 
ty])e of structure : 

Nitrogeii-i-ontaining Hum' Fenton* Phosphate. 


The pt'ntosi' sugar is either rih<fsr or dfstuf/r/hosf. The basi* is either a 
jfvrivc (adrmne or f/tunnnr) or a jK/rimidittr {nfhtsiftr, lln/niinr. or uracil) 
(formuhe : Figs. bTd, bi t). Hydrolysis of a nucleotide removes the phosphate 
leaving a uurlrnsidc (i.c. .Nitrogen-containing Hase lVntos(‘). 

NiU'leoproleins are itnportant constituents of the tnicleus atid ('vtoplasin 
of all cells ; chromosonu's an' constructed largi'ly from nucleojirotein. 

Several of tin', vitamins of tin* ./Tgroup an', built up by the bodv into 
nuch'otides, and in this form function as coenzynn's for funda,mental dis 
similation n'actions (f). l(^2i if.). Tin* nucleotides ad(‘nosine-diphos[)hate and 
-tri})hos[)hate (AI).F, A'J’F) are of great metabolic importance as carri(*rs of 
high-energy jihosphate bonds '' (p. iS12, Fig. bb*}). 

Digestion of Proteins. —.No digestion of protein occurs in the. mouth. 

Stomach.—(i) Tin- p(*psin-HCl mixture acts on jiroteins, (;onverting them 
througli stages of decn*asing com|>lexity (metajirotein, primary and secondary 
pr()tcos(*,s) to peptones (large polype])tides). (ii) Caseinogen is converted by 

' .Nucleic Acid.s atul Xucli'ojHoteiiiH/' t'olrt Sprimj llarboi Sifnt/). ijuanf. Ifiol., 1U47, 
/2. “ Nbjcleie Acirl/’ Nor. /'.r/i. liiol., IU47, /. Davidson, 77/c. /iiochemifitry of 

the Nucleic Acids, Louden, 1050. 
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rciiiiin into soluble (rascMii. In tiie presence orculeinin sails, casein is j)recipi- 
tat-ed as insoluble calcimn caseinate, and is subs(‘(|uentlv dio(>s|,*(i to tin* 
f)ept.one stage. 

DufKhinwL Trypsin and (diyniotrypsin of panciearic juice, aciinu in an 
alkaline medium, ra|)idly break down protein tlirougli intermediai*- staues 
to p(*pt.ones and small [)epti(jes ami may liberat(‘ sunn* a mint) acids. Their 
digestiv(* action is facilitated by tin* bile salts. It niusl be renM‘nd»e?*f>d that 
in the intestim* tliese enzym(‘s an‘ acting on |)rot.(‘in which has aln*adv Ixmui 
partially digested l)y f)epsin. 

Small liilrstI))(•.- Succiis entericus contains tJiem/yme mixtun* ” erepsin." 
a syst(‘m of ]K‘ptidas(‘s which sjuicitically hydrolyse tt-rminal pej)tide bonds, 
and thus com|>let(‘s tli(‘ breakdown of polype))!ides to amiim-aeids : this 
occurs ()artly in tlie luimm and |)art.ly in tlie wall of tin* intestine. 

J)i(;esti()N ok Nia^LEoraoTEix. 'fhe j>rott‘in portion is remn\')Ml (Vom 
nucleo}>rotciri by the acid of tla^ stomach, and dige.Nted with iln^ other food 
j)roteins. Tin? fnaal nucleic acid is hydrolysed enzymat icallv' in the o-ut to 
nucleotides, nucleosidivs, and fmally to t.h(‘ constitue^it j)entos<*s, |)nrines, and 
pyrimidine's. Tluxse an* lh(*n absorbed ami metabolis»‘d. Tin* metabolism of 
j)urines, j)yrimidines and nueh'ie acids is discussed on |). Sito. 

AitsoHi’TTUN (.)F A.miNO-Acids.—T lie amino-acids, which an* the eiul- 
prodiKd.s of jirotein dig(?stion are absorbeel into the intestinal eajiillaries and 
th(*nce enter the* jairtal v»*in : absor|)tion is in |)art iliie to sini|»h‘ diffusion 
owing to the liigln*?* amino-acid com'.entration in the intestinal lumen, but 
active! |»nK‘esst*s may also be involv(*d. Then* is eviih'nee* that, in special 
circuaistanc.es, certain jirote'ins and |)e|>tides may la* a,l)sorb(‘d from the gut 
without j)n‘vious complete hydrolysis to amino-aeids (c. 7 . »jiiriug tin* digestion 
by ail animal e>f its own jilasma |»roteiii). 

Amino-Acid Pool. Amino-Acid Turnover. Protein Synthesis. 
The amino-afiils afU‘r absor|)tion into tlie blood dilVuse throughout the bo<jy 
fluids and so n*aeh all the tissue* cells. .At the* same time* most of the tissm* 
|)rot.eins (l)oth “ structural " j>rot(»iu aiul “ functional ” *‘iizyme |)n)t.(‘in) 
an* eiontiiiually undergoing di.sinte*gration to n*leas<‘ amino-acids wiiieh 
likewise enter the* circulation and thus fieeoim* jiart of what is calleeJ tlie* 
gemeral “ amino-aciel ])ool.” This steady ami rapid tissue lu’otein breakelown 
is taking |)lae*e on a large! se*ale (see be*low). .\o funetional distinction can be- 
drawn betwe*e.ii tJie* fate, of t he amino-aeids <ieriv(*d from the* food ami those 
ele!rived from the tissm*s. hVoin tin* “ eommoii amino-aeid ))ool,'' ainino 
acids an* tak<*n u|) by tin* cells (e*ae*h e*(*ll ae'conling to its s|)eeifie iieeels) to 
l)e l>uilt into tin* ei*ll stnietun* as re*<juired. If a. ceil takes uj) as much amino- 
aciel as it los(*s, it. is in a statt* e)f “ dynamic mpiilibrium ” ; if the* hiiss is 
gn*al.e*r the* ce‘ll waste's ; if the* gain is gn*ater the ce'll grows. 

Fre)m tlie rate* of ineorjieu'ation of isotojiically labelled amino-acirls, the 
rate* of syiithe!sis of jiroteins can be* calculated, in ('.xjierimental animals tliis 
protein turnover is gn*atc*st in int-<*stinal mucosa, followed by kidm*y, liv(*r, 
iirain, and muse*h* in that, order. In maji, tin* |)rolt*in “ turnover ” involve's 
the lin.'.akdowii and re-synthesis of SO 1(M) g. of tissue* jirotein |)er day, about 
half of it occurring in the liver ; on an average* the. jilasma proteins are com- 
))le*t(‘ly re*p]aeed e*ve*ry lb days.’ Nothing is known of tin* m(!e*]ianisin of* 
f)rote*in synthesis in the.! liody. 

* Borsook, Physiol, Rev., ISJoO, 30, 20(;). 
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Tii<^ ainino-iifid |m»o 1 lias no anatomical reality, Init n‘|»rt‘scnls (In^ aratlahh: 
amino-acid Imildin^ units. Thus the pool “ contains not only all the 
tree aminn-acids of lh(‘ blood, extracellular and intra-ccdlular Huids, but also 
the amino-acids which would be fretMi by the Hrf breakdown of a portion ol th<‘ 
tissue proteins, 'flie j>oul is constantly umhu'jioin'i: dr/tlrfio}/ b(‘cause (i) lar<i(‘- 
scale deamination of presiimablv surplus amino-a('ids takes place, tln‘ amino 
(MI,) izroups which ai-e split otf beini^ transformed mainly into urea, leavin«j 
a “ non-nitroii<‘nous residue": (ii) amino-acids and their denvativ(‘s (c.//. 
creatinine) aic lost in the urine and other »‘Xcretions ; (iii) amino-acids are 
continuallv^ beinii built up into those proteins (c.//. hair) which are not ])art of 
the dynamic systiuns. On the other hand, the amino acid jiool is always bein^ 
}Y-('sfffhllshnl l»y amino-acids d(‘riv(‘d from the following: (i) n‘aniination of 
certain non-nitrojiciious nisidiu‘s ; (ii) amination of a|)j>ropriate IVainmmts 
which are jiresent in tin* common metabolic jiool (and thi‘n‘fore d(*rived from 
c.arb(»hvdrat(‘ ami fat breakdown) ; (iii) amino-acids split off from diet-ary 
p?-ot<‘in ami absorb<‘d from the intestine into the blood. This state of alfairs 
is t(‘rmed the *' continuing nnUabolism ‘ of the amino-acids. 

'file Hfni-nlfroffentpus which an* h‘fl aftt*!- deamination of the 

amino-acids ai(* used in ways to la* d(*scrilMMl (p. SS7). 

It should be rememben'd that- it is not only the proteins of the laxly that 
are in a state of " dynamic e<|uilibrium," /.c. a balanci* lx‘tween simultaiu'ous 
bn'akdown and syntlu'sis ; tin* same holds for jiractically all the materials 
of the body, ev(‘n for sindi seemingly chemically lm‘rl material as the 
depot fat.’ 

Example of Amino-Acid Utilisation. 'I’ln* gen(“ral principles of 
amino-acid utilisation which are discussed in (h‘lail later, are well illustrat<‘d 
b\- a study of the fate oF ing(*sted (fiffrlnr, in which both atoms and tin* N 
atom wen* labelh*d wit h isoto|)es.‘ After absorj>tion, tin* labelled glycine 
inix(*s with the glycine already j>resent in the body (luids. 'Phe changes 
undergf)in* by the glyciin* have*, proved to be as rolh>ws : 

(i) Some is incorporat(‘d into the tissue and plasma proteins, at raT(*s 
\arying with each ])rotein. 

(ii) Some is built into non-protein comjxninds which contain glycine 
as part of their structure, c.//. glutathione, glycocholic. acid (p. 7hS), 
hippiiric acid (}). Si’S). 

(iii) Some is converted reversibly into tin* amino-acid seriin\ .and tln*ne.e 
int»» cf/sfrntr (p. SS‘J). 

(iv) Some is used in the synth(*sis of ot her body constituents for which 

givcine is a spn'ijic j)recursor, c.f/. (-reatine (p. Fig. 072), ha(‘m and 

bile pigm(*nts (pp. 17.‘i, ISS), purirn*s (p. 8P7), cfiolitn* (probable via seriin*, 
|). S()7).' 

(v) The remainder is dvaminafed. The NH<, split off is (u) converted into 
and excreted as arm^ or (b) used to aminatt* various keto-acids to form oth(*r 
amino-acids (p. 885), or (c) indirectly excreted as ammonium ions (Nil 4 “'^) in 
the urine. 

(vi) The uon-nitrogenous residue which results from the (haimination 

* “ Life is a (lynumiij eqiiilibriuiri in a ])olvplmsii; system ” (F. (L Hopkins, IDl.'l). For 
fix- civ'idt'nee sec* Sehunheimer, Thf>. Dt/Nmnin SUHe of Hotly C()nslit.urjits\ fjoixlon, IU4g. 

- IlittentxTg, Spriny Hnrhor Symp. Qiwnt. HioL, ItMs, //;, I7.*{. Bent t v, A nn. 
('hem. Sor., lUts, 2:t9. 
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(v) is citlicr (^/) dissiHu'lafn/ to ;ui<i ]1J), viddinsi <m- 

(h) Imilt up wiin (/If/rof/nt ov (jlyntsr (p. SSS). 

Essential Amino-Acids. Tin* r,sst'n/i(tl is ;ij>pli»*(l to t,lioso jiinino- 
acids n(‘od(‘(l for TC|)la,C(‘nu‘iit and orowtli, Imt wliicli cfumof hr sf/n/hrsisrd l>v 
the body in auioimls sidlicifnl to fulfil its norin;d nMjuin'Mionts. Tlioy uiusl 
t luTnloro br supplied m fJirdtrf^ usually (‘ouduiHMl in prot<‘ins. A ninrc a j)j)j'o- 
priat(' name for tlioni would be tin* indlsprvsfddr a.niiii(»-acids. as tlioy onlv 
diflnr from otln*r amino-acids in bcintr indispcnsabli* components of tlic dirf. 

Jin* r(‘st of tin* amino-acids (tin* non-rssrnltah <>i‘ dtsjwnsahlr^ amino-acids) 
can be synthesised iji tin* 


body either (a) by llie 
aniination of appiopriatc* 
non-nit-roLienous fra^m(*iil s 
derived from other sources, 
or (/;) in sjx'cial cases direct ly 
from the (*ssential amino 
acids. But it should la* 
•*mphasised that tin* body is 
spar(‘d t In* t rouble ’ of thi,> 
synthesis if tin* dispi*nsabh* 
aniino-acids an* also avail¬ 
able from tin* diet. 

Tin* (*ss<*ntial amino 
acids in adult ttum are ; 
r(diin\ lrH(‘ini\ isolnfri h('. 
l/irrofunr, tHclfilfnirnr (which 
can also b(* converted to 
c. y s t (* i n e), p h r it tj I a hi n i nr 
(which can also be conv<*rled 
to tyrosine), fri/pfitplttnt, 
Ipsiitr. Arpiitiiir and /oW/ 
diiir are proliably i!j<iispens- 
abh* in (*jiildren for growth. 

Animals ^iven a basal 
diet which <*ontains no pm- 
tein or amino-acid, but 



WHEAT PROTEIN 

+ gelatin 


WHEAT 

PROTEIN 
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I'lirvi* Ji; Orlatin <il«-ti('i(*iit in many amino-acids. tliom;)i 
iiiuh ill ly>inc). 

Curve Ml: Wheat luotcin i;i*latin (*-ullicicnt of all the 
e<-;ential amino-acids). Normal izrowlli curve. 


whi(*h is otln*rwise completi* in all respects, raj»idly die ; if. however, all tin* 
above named aniino-acids are addt*d in ajipropriate amoimts ((*ither as 
protein or as pun* sv'ntln*tic amino-acids), normal health, prott*in replacement, 
and reproductive jlower are maintained in adult animals, and satisfa(*tory 
/Growth occurs in youne; animals (Ki^. 5(>3). Jlose is i*onductino lon^-terni 
exp(*riments with healthy men fed on diets devoid of nit ro.uvneous c()m])ounds 
excejit for known tidded amounts of ])ure synthetic amino-acids.^ By 
measuring the nitrofren-baltinee (j). tfOl) on various amino-acid sup|)lements, In* 
lias found tliat the above eif.dit amino-acids are indisjienstible for human adults 
under normal conditions ; exclusion of anif one of these essential amino-aeids 
leads to a negative nitrotron-balance (p. 903, Fig. 578), fatigue, loss of appetite, 
and “ nervous irritability ” ; wlien tin* missing amino-acid is added to tin* 
diet jierfect health is t>roniptIy restored. 

1 Itoso, Fed. Froc„ l‘DU, S, r»4r>: J. bioL (VteiH., lilaO, 541. 
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Under normal conditions, the aiiMHint of (‘acli «‘ssential (unino-acid wliicdi 
must he sii})|»lji*d per day, when all o///cr ainino-aeids are present in ahnndaruu*, 
is of the ortler O h 2 The re(|nireinent for (‘ssential arnino-acids varitss 
witli the amount of strain " ]»la.ced upon the syntfietie capacity of the l)ody. 
Tints during ‘growth or lactation a hiiilnu* intake of essetitial amino-acids (as 
mix(ul protein) is re<juired (p. lohp) ; in a<ldition, as numtiomul al)ove, the 
amino-acids arcinim' and histidine may lM‘come indisptmsahle und<*r tlnvse 
<‘onditions, though they are dis|»ensahh‘ in the normal adult, who can make 
them on a small seah'. 

Specific Metabolic Roles of Amino-Acids. In addition to Iumu”; the 
huildin^ units of all the tissue protehis (includinii: the (Uizymes and many of 
the liormoni‘s), aaninoacids have s])ecial roh's in the f(»rmation of other 
components of‘the hody. Some illn.^t rative examples will he oivrai ; - 

(1) (iLVCLNK is a. fundamental huildin»i miit from the common tnetaholic 
pool, and its [-(‘actions a?‘(‘ outlini'd on |>. SSt). 

(2) AntiiNiNE is ])art of the cycle which is res|>onsihlt‘ for am/ Idniiation 
(p. SS7),and pr(.)vid(‘^ an amidine grouj) Inr c/vv/Z/z/c syntiit'sis (j>. Sp;j, Kig. 072). 

(3) Histiiunk is th(‘ precursor of///s/aa//7a' (]>. oho). 

(4) Akum.M'K" Amino-A(UI)S : Phf'iftflalifninc (wliieh is indispensahh') can 

he irreversihly conv(‘rted to h/nfsit/r : the latt(‘r is theri'lon* dispensahle if 
siitlicient plien}'lalanim‘ is su]/pli(‘d. Tv?-osin<* is the |»n‘cursor for tlnfroxinr 
(p. Hor-(uhrnaHiH\ and thence a///*/'/////////* (p. 72h), and tin* dark' nnhuiut 

piijmvnfii of the hair and skin. 

(5) Sri;rnT’R"(’o.NTAi.\i\(i Amino-Ac/tos. Methionint', cysteiiu*, and 
cystine are the sole sourc(‘s of sulphur (apart from trae(‘s of tin* 8-containing 
vitamins, aneurin and hiotin) that can he use(l for syiithetii' ])urpos(‘s in the 
hody. e.g, for tlj(‘ formation of organic suljdia.t<‘> (p. h(M)) or taurine (]>. 7hS). 

Methionine (which is indisj)eiisahl(‘) can h(‘ iiT<‘veisihly conv(‘r1(‘d into 
egstcine (which is tlnuefore disjzeiisaldt'). This transformation occurs through 
the following stages (Fig. o(i4) : 

(i) Metliioniiie forms homocy.stciin' hy t-ransferejic/* of its UII.^ »4st*where 
(e,(j. to form cr(*aline, S(‘(i (ti) helow, and Fig. r'>l>o). 

(ii) Hoinocystein(‘ (iC) comlanc'S with the 3C amino-acid serine to form 
the 7C compound vgMathionine (with Joss of ILL). 

(iii) Cystathionine und(‘rgoes cleavaiie at tin* liomocysti'ine linkage* of 
the S (with the addition of water) forming cysteine and (prohahly) homoscu'ine. 

It is clear that oidy the S atom of the original nn'thionine app(^ars in the 
cysteine. This has heen pnn’ed hy the use of isotopic tracers. 

Cysteine, i.s readily converted to cystine under oxidativ** conditions, and 
the reaction is reversed under n'ductive C(;nditi(»ns. 44ie hiologicnJ action of 
a protein containing a fret*. 8H. grouj) (i.e. cojiihined cysh'im*) is often eom- 
pletely altered uj)on oxidation to the corresjionding disulphide (i.c. con}l)ined 
cystine). 

(()) Methionine (BioLodjcAi. Mkthyl.ation). (ertain comjzounds of 
the hody, with stnicture.s c(mtaining nudhyl groups (CH.j- -) attaclnai to an 
atom other than C can take jzart in enzymic reactions wh(U'(d)y these*, methyl 
groups are transferred to suitahle “ acce|)tors " which have. Jio methyl grouj). 
Such reactions are t(*.rnied transrnethy/ation reactions, and tins substrates 
{methyl donors) arc said to j)oss(jhs hioloyically labile methyl groups. Tln^ 
most important compounds with biologically labile* nie?thyi groups are 
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mHhioinvi' (rontaiiiiiiijr VW.y S , Ki^:. ;V)r>, choline (coiitaininL^ , 

Ki^. r>()r>), anci tlui f)xi(l}i1ion derivative of choline, hetaine (p. 867)! The 
})rocesses of t.ransinethyhition in the hody have been inv(‘stieated h\' the use 
of isotojK‘sd and the n'snits are suinniarised in Fig. 56)5. 

'PIk* following ])oints shouhl he noted : 

CIT,. i II 

(i) The ri'action methionine homocysteine is n'versihh*. 

: H 

However, homocysteine can only take up a methyl group to i-e-l'orm m(‘thiojiin(‘. 
if the JiK'thyl group is donated hy rhoUnc (i.c. the reverse of (ii) infnt). 


METHIONINE 

1 




T 

HOMOCYSTEINE 



HOMOSERINE 

CHz —CHj CH(NH2) COOH 


CHz — 

CH2~CH2CH(NH2) COOH 

1 

SH 

“4" ■ 

H 2 O 

+ H 20 

OH 

OH 



SH 

1 

1 

CHz—CH(NH2)C00H 


CH 2 - 

1 

CH 2 - CH(NH2)C00H 

SERINE 

CYSTATHIONINE 

CYSTEINE 


reduction | ^ oxidation 
CYSTINE 

Kjo. atit.- Iiil<-ra'cl;n iuJi.sljip.N eft lie Nulpljiii-conlaiiiiii^ Ainiiio-aciMs. 

(ii) M(;thionine enables choline to be synt.ljesis<*d in the body from etha,no- 
laniiru* (Nllo.(ni„CJlo()H) bv dr)nating lln* Tiecessarv three methvl Lm)U})s 

(iii) Methionim* can yield methyl groups to oth(‘r suitable recipients, but 
these reactiofis a])pear to be irreversible. Two exainjtles are given : 

(<:/) Methionine c«)!jtributcs a im^thyl groiij) to guanidino-aci'tic acid, thus 
bringing about- tin* synthesis of r/rafine (p. 8b;}, Fig. 572). 'Phis methyl 
group must be doiiat.(*d directly by methionine (but may corm* indir(*c.tiy 
from choliiK*. donating a. imbliyl grouj) to homo(:yst(‘ine to forni methionine). 

(h) M(‘thionin(* (tontribub's a. methyl group to nor-adrenaline for the 
synthesis oi' adrmaline (p. 72b). 

These, reactions of methionim*. illustrate how artificial and misleading is 
the customary division of gcmeral metabolism into subs(‘ctions called carbo¬ 
hydrate, fat, and prot(‘in metabolism. Methionine, derived from protean, is 
res]K)iisible for creatine forination, and thus indir(*ctly for carbohydrate 
utilisation in imisede (p. Fib) ; it is r<'S])onsibh.‘ for clioline formation, and thus 
indirectly witli prev(*nting undue fat acTiiniulation in the liv(‘r (p. 867) ; it is 
* Du Vigneaud, Ilarrry LeeVurefit lb42—J.'t, 1. 
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responsible for tlie (V^rnui-tioii ol aeetylcliolitK' (via choline) and of 
adrenaline, and tlius for nervous transmission at cholinerjj^ic and adnuuu-^ic 
terminals ; by its inc()r|)()ration (as intact m(‘tliionin(‘ and a.s th(» S atom of 
cysteine) into enzvme- and horm()ne-])rotein.s it exerts an inlluence on the 
metabolism of the whole body. 

Syufltesis of Labile Mvthifl (rruiips, “ Forntatr Metahohsta. It was 
previonslv thonjj;]it, on the i>asis of animal fec'din*^ (*x}»eriim‘nts, that tlu‘ 
bodv tissues Avert' unabh' to syjith(*sise bioloiiically-labih' methyl j^roups ; 
these had tln'i-elbre to be supplied in the form of di(‘tary nu'thionim* (an 
essimtial amino-acid). Htjvvever, later work iisin» isoto]»cs has shown that 
the tissue's caa s\'nth(‘sise substances (‘ontainin^ labih* methyl ^ironps (e.(f. 
choline) on a considtuable scale if tin* normal di(‘t.ary amounts of folic acid 
and vitamin (p. IbS) are prt'stml (as was not the cast* with the* original 
experinu'iital <liets).^ It is ]»robai>le tlnit tin* newly syntln'sistMl methyl groups 

CH2-S-CH3 

I 

CH2 CH(NH2)cOOH 


(CH3)3NCH2CM20H 


choline 




methionine 



[CHj] 


i t 

CH2~S-H 

I V 

CMe CH(NH2)C00H^ 


Synthesis oP 
Creatine, 
Adrenaline 
etc 


homocysteine 

Tk.. liitiiogi(‘al Traiis-Metliyii>tiuii. 


are used iirst to form methionine from homoi?ysU;ine ; the methionim^ then 
acts as a transnietliyJatino aircut as described abovt*. Although the tissues 
can and do synthesise methyl groujis, dietary methionine is the most important 
source under normal conditions. 

The ])recurs(jr of synthetic methyl f^rou]>s is a one-carbon unit <‘alled 
formate,*' which appears to bear the same kind of relationship to fonnic 
acid, Jl.COOH, as acthe " two-carbon units from fat ix'ar to aceth* acid 
(p. 871). ■■ Formate," and thence methyl groups, CH;,, can arise from serine, 

CHgdH d ■ H(X 11 o)(di()Ii, and experimentally from formate ll.COO', fomialdi*- 
hyd(‘, H.CFIO, im'thyl alcohol, CH 3 OH, and other related compounds, but 
not from bicarbonate, HCO./. Other metabolic reactions in which “ formate ’’ 
plays a part are the interconversion of glycine and serin(^ (j). 880), and the 
syrithesis of the i)urine nucleus (p. 897). 

Fate of Surplus Amino-Acids. —Amino-acids which are not used as 
such undergo oxidative deamination, predominantly in the liver ; the amino 
(N Hg) grouj) is released as ammmiia (N ll^) wdiich is tlien e.ithe.r excreted as urea 
• Dll V'igrifnuo e! lU.W, 2H7. 
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(or, on a minor scale, as aininoniurn ions), or used in the synthcisis of oth<T 
amino-acids, as d(\serib<‘d below. The non-nilro^emma residues, after under¬ 
going various transformations, enter the “ common metabolic pool,” and are 
either c.ornpletely dissirnilated or are converted into glucost*, fat, ketone 
bodies, or other amino-acids (p. 887). 

(1) Oxidative Deamination, —Tin*, overall reaction is the transformation of 
an amino-acid, R.CIl(Nll 2 ).COOH, to tin; corn;sponding k(‘to-a(rid, 
R.(X.).(X)()I1. Tin's involves an oxidation (or more* exactly, a d(;hydrogeiiation) 
((Mizymes : amitio-acid oxidases ; hydrogen carriers : coenzi/}ue-I or flavin 
(pp. 810, 854)) to give an ^//o*>/o-acid, followed by a hydrolysis liberating 
ammonia, thus : 

CH3.CH(NH2)C00H + Co-1 -CH3.C(:NH)C00H + Co-L2H 

alanine coonzyme a-imino-acid reduced 

(H-carrier) ooenzyme 

CH3.C(:NH)C00H + H^O —CH3,C0.C00H -f NH 3 

pyruvic acid 

(2) Transamination, —Deamination of an amino-acid may be coupled with 
the simultaneous amination of a keto-acid. This process is called trans¬ 
amination (enzymes : trayisaminases),, and the result is the transference of the 
NHg. group from one amino-acid and its use to synthesise another, thus : 

CH 3 CH 2 CH 2 COOH CH 3 CH 2 CH 2 COOH 

I "f I ^1 +1 

CH(NH2)C00H CO.COOH CO.COOH CIl(Nll2)C00H 

alanine a-keto- pyruvic acid glutamic acid 

gJutaric acid 

Transamination is reversible and plays an imj)ortant part in both the break- 
dowui of amino-acids and their synthesis from non-protein sources (e.r/. from 
keto-acids of the citric acid cycle, p. 887). 

(3) Amination of Son-nitrogenous Residues, —When ammonium salts or 
amino-acids containing amino groups ‘‘ labelled ” wdth isotof)ic ^''^N are 
administered, the label is later found incorporated into the amino groups 
of many diff(;rent amino-acids of the proteins. 

A])i>ropriate non-nitrogenous residues must th(;refore have been converted 
into amino-acids by taking up NHo. from NH 4 ^ or otlnu* amino-acids, i.e. 
by processes of dinM.-t amination or transamination. Amino-acids from the 
ainino-acid pool are continually being broken down by deamination, and the 
pro(;esses of direct aminatioir or transamination an* used to resynthesisc* 
some of these amino-acids. Tliese .synthetic processes an* incr(‘ased if a need 
arises for additional (juantities of amino-acid, e.g. the ])rovision of glycine for 
“ detoxication ” ?n<;chaiiisms (p. 828). Products of deamiFuition formed at 
om; site can be n'.aminated elsew here and so re-enter the “ amino-acid pool. 

(4) Ammonia, which is formed by the kidneg, probjibly mainly from 
glutamine, is excreted into the lumen of the renal tubule and used in the 
n'.gulation of the blood reaction (p. 97). 

Urea Formation. .The surplus ammonia which is formed by deamination 

and not used for reaminatioii is converted into urea. Amnionia is toxic and 
its toxic action is not entirely due to its strong basicity ; it therefore cannot 
be allowed to accumulate. Urea, on the other hand, is harmless even in very 
high concentrations. 
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Vrea fonmtion orcura exclusively in the liver. KiMiioval of tho livor produces 
t he following results (Figs. 566, 567) : 

(i) When urinary secretion is maintained in the liverless animal, there is 
a steady decrease in the blood urea, c.y. from 30 to 6 mg. per 100 c.c. ; the 
amount eliminated in the uriiu‘ likewise shows a progressive and marked 
decrease. Practically all the urea which is secreted after hepatectomy 
can be accounted for l>y the d(‘crease in th(‘ urea content oi‘ the blood 
fluids. 

(ii) If anuria follows the. o|>eration, the. blood urea remains quite c.onstant. 

(hi) If the kidm‘vs are removed in a normal animal there is a rise in the 



Pic. r>r»U.—Kn'eoi of Hemoval of Tavi^roii Blood I 'rea, liJood Amino..Ar id and Treu 
and Amino-Acid Excretion in I rine. 


Kxiioriinvnts «|os:s. At. point nuirkcd O n*movi* livi*r. 

(’iirve with hrok«’n line : blood urnino-ucid nitrocHii in iric./7//rr. 

Curvu with c.oiitiuiujus lim; : blood urea nilro"rii in in{i, 7//rf'(<;('. I-i;r. r»(iT). 

with iiniilc batchinu : un^u idt.room vamrnonia nitroitcn oxt-ndcMl in nrinr in 

iiiK. niour. 

HectanKlos with vtTtinil liairhiiiK : urnino-ariil nitrogen in nrim* in in>j;./h‘»m'- 
iNote rise of l)lood amino-acid, fall of blood iin*.a and (Iccrease and ultimately disai)pearanci' of 
urea from urine. (Hedrawn from Mann et at., Amfr. ./. J*hysuU.^ 102r*, 7S, 

blood urea ; if hepatectomy is now performed, the blood urea remains at the 
high level previously attained (Fig. 567). 

These results prove that the liver is the only site of urea formation, and 
that urea once formed is not destroyed in the body. 

(iv) The liver is the chief site of deamination of amino-acids. In the 
liverless animal the blood amino-acid content progressively rises (Fig. 566); 
injected amino-acid is not deaminated to the normal degree and does not give 
rise to extra urea. 

Essentially, urea formation in the liver consists in the union of NH 3 
(2 mols.) and COg (1 mol.) with the elimination of HgO. This, however, does 
not take place directly but through a cyclical system of enzyme reactions 



KRKHS UREA CYCLE «S7 

((•filled tJie Krrhs mm cydv\ sec I’ootnoti; on ]>. <S5I) in which the (non- 
proteiii) amino-acid ornithine acts as catalyst. ” r)68). Ornitliinc 

n^ficts with COg and 1 moL of NH., to give citrullme, which itself reacts with 
a second rnol. of to giv(‘, aryimne ; the amidine group of arginine is 
sj)lit oh as urea under tin* influence of the hydrolytic enzyme arginase, and 
ornithiiKi is regen(*rated to continue the cycle. The iiiteracticm of ainino- 
/icids is further complicat('d by the fact tliat the amino-ficids glutamic and 
fisyiartic acid are involved in the entry of NH., into the “ cycle.” By the use 
o( isotof)»*s, it has been slutwn that the (-Og used in urea fonnation, comes 
solely and directly from Mood IK!()./. 



Ordinjitr: Llooil iin n iiiti'o;:»-ii in ni« 

(1) Kidiirys miioYrd ; liver mnoviMl 24 hours later (at O). 

(‘2) Kiaiu'vs rniuivi-d ; liver n-niovoa s hours later (at O). 

Cn Simultanctnis removal oriivt-r ami kidm ys (at (.)). 

(4) Livor romovrU al O, ami urinary sfcivtiou luaiiitaimal (cf. Vin. GOO). 

(Rnirawii Irom .Maun rt of., Amrr.Pfit/siitl., Hr2l, (Ht, :$S2.) 

Fate of Non-Nitrogenous Residues from Amino-Acids. Jn gencnd, 
the non-nitrogenous residiULS remaining after deaininal.itm enter the “ (;omrnon 
metabolic pool ” and are eit her completely dissimilated to COg or (less often) 
arc built up into other body constituents. 

Some amino-acids ar( 3 ' glucogenic, i,c. they may giv(3 rise to glucose ; 
some are kelogenic and may giv(^ rise to acetoacetic acid (and the other 
“ ketone bodies ’*). The experimental methods employed in the study of 
these reactions are : 

(i) Incubate liver slices with fin amino-acid, or perfuse the liver with an 
arnino-aeid, and deteainiue whether there is an increase in the glucose or 
ketone level in the medium or venous outflow\ 
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FATE OF NON-NJTROGENOUS RESIDUES 


(ii) Study the diabetic or phloridzinised aniiiuil wliich excretes large 
amounts of gliicos(‘ in the urin(». The adininistijitit)!! of ])rotein, like the 
administration of earbohv<lrat<\ increases the urinary glucose excretion, 
suggt‘sting that food protein can give rise to glucose. If sp(*cific amino-acids 
are administered, souk* (////nw/cn/c) increase the glucose pool and the degre(‘ 
i»r glucosuria wliile otlicrs (I'dfnjeuic) increase the i‘xcr<*t.i(»n ol ketom* bodies 
in the urine. Cilucogenic amino-a(*ids cannot counteract liypoglycaemia, in 
hepat<‘ctomised animals ; tlms tli<‘ liver is an indispcmsable iactor lor th<*ir 
transformation into blood glucose. 

(iii) Administer amino-acids labelled with V isotoju's, and invt'stigate the 
isotoj)e distribution (if any) in subsetjucntly isolated gImuKst*, glycogen, or 
ketones. 


ARGININE 
[NH 2 -C-NH-r] 
NH 

X 


UREA 

[C0(NH2)2] 



ORNITmNE 

[NH2-.R] 


^^3 ^CITRULLINE 

[NH2-C-NH- r] 



represents - CHj CH2CH2 CH(nH2 ) COOh] 


amino - acids 
blood HCOz 


Fk;. efts. - Kn*l»s I rcii Cvclu. 


The results of such studie.s are as follows (Fig. oOb) : 

(a) The i'ate of the non-nitrog<*nous residues derived from tin* essemtial 
amino-acids, try})to])han, lysine, liistidine. and methioniin* is unknown. 

(b) Leinriin*, isoleucinc, and pln*nylalanine (three* of the essential amino- 
acids) and tvrosine arc ketogenic. Their d(*aniination and normal oxidation 
in the liver giv(?s rise to ac(*toacetic acid, by known irrev(U‘sil>le. remtes ; t his 
acetoficetic acid joins the “ common metabolic, j)Ool ” and is subsecpiently 
dissirnilated (p. 872). 

(c) All tin* non-esseniial amino-aci<ls are qhioofjenic. This fa(it indicates 
that they give rise to an intt*rmediary found on the reversible pathway of 
carbohydrate dissimilation. 8ince all the non-essential amino-acids can be 
synthesised in the body from carbohydrate and a N soun^e (p. 881) the route 
by which they enter tln^ carbohydrate j)athway (including the deamination 
stage) must be reversible. The identity of the intermediary has been deter¬ 
mined in most cases : 

(a) On oxidative deamination or transamination, alanine and the amino- 



FATE OF NON-NITUOC^ENOUS RESIDUES 


HHU 


acids which can ho convc.rtcii into it (glycine, serine, cysteine) give rise to 
pyrnnic nen/, 

rH;,.(:n(Nii„)(^ooii ('H,,.('O.C()()ii 

(aJiiiiine) (pynn ic arifl) 

(ji) (Jlutainic acid (and firohahly jiroline and arginine) give n kvhxjhduric 
acid. 


(’()() 11 ((d J ,do.CJ I (X f f,)()() IJ -- 

(yliilioriic iU'Ul) 

(y) as|)artic. acid giv(*s oxaloacetic acid, 

C00H.CH2.CH(NH2)C00H 

(aspartic acid) 


(K)()n(('ll 2 ),.(K).(i() 0 If 


(keto-^liilaric acid^ 


COOH.ClI 2 .CO.COOH 

(oxaloacetic acid) 


These three products are all components of the citric acid cycle (Fig. 569, and 
p. 852, Fig. 559) ; they can either be built into glucose, or dissimilated in the 
liver to yield energy, thus “ sparing ” the dissimilation of glucose. 

It is found by method (iii) supra that the carbohydrate apparently formed 
from gliicog(inic amino-acids does not always arise by direct conversion of 
the amifio-acid to glucose. It can also come from the conversion to glucose 



Kio. 560.—Fate and Inter-relation.ships of some of the Amino-acids. 
(Diagram by J. B. Jepson.) 
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of SOUK* otli(T iii(*fabolit(‘ lias ifsclf Ihhmi “ spared ’ by tla* Tion-Tiitnr 

^(‘iioiis r(*.sidu(‘ of tlu‘ ainino-acid. 

(d) Tlic reniainiii^ (‘ssential aiiiino-acids (threonine and valine) are 
gliico^^enic. How tln'v reach the carbohydrate*, pathway is not know^'ii, but 
[uesiiniably it is by a non-reversible routes as tliey are indispensable in the 
diet. 

Fate of Kesidoes from Akomatto Amino-Acids. —In certain very rare 
(‘ongi'iiital disord(‘rs. the normal oxidative mechanisms of phenylalanine and 
tyrosine inetalioJism aie deranged by “ blockage at diflen*nt points. Tins 
n*sults in the nrinaiy exeretion of inl.ermediatt* metabolites, and lias given 
valuable information on tin* normal oxidation of tliesi* amino-acids. 

'Pbe following ('ondit ions are of particular int(‘rest : 

(i) I'inhtrillifas jihctfifljtffn/rica (Fiilling's ilisease), a form of idiocy strangely 
coupled with the inability to convert phenylalanine to tyrosirn*. IMn‘nyl- 
alanine aciuimulates, and ])henylpyruvic acid (the deamination product of 
phenylalMiiine), appears in the urine. 

(ii) AJcnjifonuria} where ffonuM/t'ntisIc acid (2;b-dihydro.xy-[)ht*nyl-acetic 
acid) appears iti tbe urine; such urine darkens considerably when alkaline 
and expose<l to air, and may turn almost black, liomogentisic acid is 
apparently a, normal metaljolitt* from tyrosirn*. but alcaptonurics <’xcrete it 
rather than oxidis** it rurlln'r to acetoaia'tic acid as is its normal fate (|>. <SSS). 

Exogenous and Endogenous Metabolism. Ji has been customary to 
divide* the melab(»lic proitesses that take ])lace in tin* body into two fairly 
sharply delined compartments : (i) metabolism of ihr food staffs (cjogcnous) : 
(ii) metabolism of the tissues {cudogenous). 

The distinction drawn was analogous to that between the consumption of 
fuel (food) hi/ an engine, and tin* w'ear and tear of tin* engine itself (tissues). 
But as has been emphasized, the proteins and nucleic acids and most of tin* 
other constituents of tin* tissue* cells are constantly undergoing bn*akd()wn 
processes similar to Those" that atb»ct the fooelstiilfs in the* gut ; in gent*ral, 
the* products 0 )f dige*stie»n and tho.se of cell elisintegration ente‘r a common j) 0 ()l 
and sillier a cejmnieui fate (j). S.Vl). l’he*re was. ]ie>vve*v<*.r, a fimelam(‘ntal 
truth in tin* classical e*oncef»tie»n : .some* eif the* urinary cemstiliie*nts vary 
widely in anmunl in re-latiem to the* protein-cemte^nt of the* feaxl, while others 
an* relalive*ly inde‘pe*nele*nt e)f the* elie*t. This distinction is l)re)Ught out in the 
Table be*leiw (from holin), wdiich .sinews t he* dinerene*e*s in the compeesition of the 
urine eui t we) die.*t.s, bolli udetjuutr ttt ralorics, but eene* poor in pre)te*in-c.e)ntent. 

It is obvif)U.s that the* te)tal nitrogen excretion in tin* urine is related to the 
f)rote*in intake. On diets e)f aelequate e*alorie value* but very le)w in firotein, 
the nitrogemms euitjmt may be substantially re*duced, c.g. from 10-8 te) 3-6 g. 
daily. The* e‘Xcre*tion e)f urea and inorganic sulphate is marke*eJly depenehuit 
on the died ; the urinary output e>f tln^se. siibstane'es is an index of ]>rotein 
intake*, or, in the* (discarde*el) (*la.s.sical t(*rmine)logy, of exogenous ■metabolism. 
On the othe:*.r hand, the excretion of creatinine, neuitral sul]>hur and about 
half the uric acid is quite independent of the protein intake ; in the classical 
terminology, the outjiut of these substances is an index of endogenous meta- 
holism. This term can be usefully retained, since the “ continuing metabolism ” 
of the tissues is normally an equilibrium between simultaneous synthesis and 
breakdown and does not have to be taken into account when making com- 
^ Neuberger et al., Biochem. J., 1947, 41^ 438. 
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Sin 


!’ro1 ('ill-Rich Diet. Rnitcin-Poor Dicit. 


Volume oi’Urine . 
Total nitrogen 
Urea nitrogen 
ITrie acid nitrogen 
Animoniji nitrojicji 

Inorizaiiic SO, 
Etlu‘reiil SO., 
iN(ajtnd sulpliur . 


1170 e.c. 

168 g. 

14-7 „ ::87^ 

0-18 
0-49 ,, 

0-58 

3-27 g. 90 

0*19 

0-18 


385 c.c. 

3 6 g. 

2-2 „ -62% 

0-()9 

0-42 

Of) .. 

0-46 g. 60'’;, 

010 „ 

0-20 „ 


Oreatly reduced 

Ilalv(‘d. 

Unchanged. 

Greatly reduced 
Gnclianged. 


jiarison hetvvetai dietary intak(‘ and urinary output. The eiid-}U‘oduct,s of 
endogiMious inetaholism ajjpear to rejire.sent a slow, continuous, and wa.steful 
“ se(‘pag(‘ *' of us(‘ful materials from the common inetaholie. ])ools. 

Origin and Physiological Significance of Nitrogen-Containing 
Constituents of Urine. Mixed proteins contain an average of 16”,^ of N ; 
tliu.s tin* dissimilation of lot) g. of prot(‘in (the recommmnh'd, thougli liigh, 
daily intake) yields it> g. of wasU* X, nearly all of which ls excrreted in the 
uriin*. Tin* chief N-containing waste jiroduct.s in the urine are : urea ; 
creatinine and cn*atiin* ; aniinoniuin ions ; uric acid. A small (piantitv of 
amino-acids is also lost Iroin the body in the urine. 

(1) Urea.^ (i) Effect of Protein /a/a/r.- - Urea i.s formed in the liver from 
ammonia derived from amino-acids (or frojii ingested ammonium salts) ; 
the details of its mode of formation are given on |). 8S(>. As [)r(‘viou.sly 
explained, the amino-acids of the body corj.stitute a “ pool ” ifito which 
amino acids pa.ss from the food and the tissues, and from whi(*h amino-acids 
are taken, to Ix' syntliesised into ]u*otein or otherwi.se t ransformed as r(*(]uired 
by the ti.ssues. Normally, surplus amino-acids (v\’hat(*ver th(*ir origin) 
an* deaminaled and their ammonia, is converted into urea ; the adult jjian lias 
no means of storing surplus amino-acids except by a. very limited increase* in 
ti.ssiu* ])rotein. On a normal protein intake the amino-acid pool is “ over¬ 
flowing " with amino-acids which have come predominantly from recently 
inyrsted food. On such a dii*t, tin* urinary urea is t ln‘r(*fore mainly of food 
origin ; in other words it is mainly (but by no ni(*ans exclusively) exogenous. 
Within limits, the urea output varies directly with the recent protein intaJee. 
Urea is always the prineijial nitrog(*nous constituent of tln^ urine, constituting 
fiO 9(T\, of the total urinary N. On a normal mi.\(*d diet, an adult's dailv 
excTetion of un*a. is 15 10 g. (-- 7 -18 g. urea-N). 

(ii) Effect of Protein-Free. Diet which is Adequate in Calories (Energy 
Content). —When no protein is eaten, amino-acids are contributed to the 
“ pool ” by the br(*akdown of tissue proteins only. One would perhaps expect 
that an equal amount of amino-acid would be withdrawn from the “ pool ” 
for restitution purjioses and that urea formation would therefore cease. 

^ For mceliaiiisni t)f oxeaetion of urea see pp. 28 et seq.., 69. Urea clearance and the 
nrcia clearance test are describ(?d on p. 39. 
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This, liowover, is not what happens. lnstea(3, the “ pool ’’ is slowly and 
eontiniioiisly })ein*r depleted of its esscnfial ainino-acids, mainly through their 
<M>nv(‘rsion high-]>riority crjwHdahle ])Oi\y components, e.g. creatine (p. (S94). 
The remaining amino-acids not used for these special syntlu*s(‘s cannot lx* 
rebuilt into th(‘ proteins from which they come, l)ecause one or more of the 
nM|uired csseiitial (non-synthesisable) amino-aciils Jieeded for the ])rot('in 
synthesis lias Ixmmi utilisixl elsewhere ; as th(‘y cannot l)(‘ stored tliey are 
irreversihlv broken down, giving ris(‘ first to ammonia and t.hen to urea. In 
other words, more tissue ])rotein is broktui down than is rebuilt, the net loss 
ap])earing ])artia.l]v as (‘Xptmdable metabolit<\s (c.//. C7’t‘atinine) but mainly 
as urinary unai. The urinary urea on a protein-free diet is, in the classical 
terminology, wholly endogenous, and its minimum level is about 4 g. of urea 
per day. It should be emphasised that it is under the conditions of this 
experiment (i.e. protein-free diet containing the full calorific requirements in 
the form of carbohydrate and fat), rather than in starvation, that the minimum 
excretion of N and of urea takes place. 

(iii) Effect of Starvation (i.e. no 'protein, no calories ).— In complete starva¬ 
tion, tissue protein (particularly muscle protein) is broken down to amino- 
acids on a much larger scale than in (ii). Some of these amino-acids are used 
for the restitution of high-priority expendable components as in (ii). But, as 
no food energy is available, most of the liberated amino-acids are deaminated 
and the residues utilised for energy purposes and to maintain the blood sugar 
level. Tissue protein is thus used in the same way as, and as a substitute for, 
food ])rotein. In starvation, therefore, urea excn'tion is on a much larger 
scah^ than on a protein-frcM* diet which is adequate in calories, because in the 
latter condition tissue protein is not being used fur “ fuel ” (cf. ]). 900). 

(2) Creatine and Creatinine.^ —The structure and relation.shifis of urea., 
giianidine, creatine, creatine phosphate (phospliocreatine) and creatinine aw. 
sliown in Fig. 570. 
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1 
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NH = C 
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CH3-N— CH2*C00H 

1 

CHj-N — CH2-COOH 

CREATINE 
(methijiguanidino - 
acetic acid) 


PHOSPHOCREATINE 


Fig. 570. —The Structures and Kelationships of Creatine and Creatinine. 


^ Peters and Van Slyke, Quantitaiive Clinical Chemistry, 2nd edn., vol. I, i, 807. 
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Di.stktiujtiox ok Ckkatink. (?ivat.iiK‘, iliougli ii. c(^nsututiiit of inanv 
tissii(\s, ocnirs in ;^rt?at(‘sl; coiKa'iitriilioii in .sk(‘lotal niiis(^l(*, with lessor amounts 
in li(‘art inusolo, hrain, and ut<‘rus (osjjocially during pn‘gnan(‘y). The 
cToatim‘ ooncoiitration of* skel<‘tal nniscdo incroasos steadily during JV>(‘tal and 
]>o.st’iiatal ^n*ovvtli until the adult l(‘vol is finally roaoliod. ' 

In restin^T muscle, (;roatine exists largely as rmifinr phosphalc (ph()S[)ho- 
creatine), the phosphate ^rouj> of whi<*h is linked to the e.roatine hy a hi^h- 
enerj^y phosjdiate hond, -^ph (p. H-12). Creatine pliosphate is (ormed l)y tlie 
reaction ol creatine, with adenosine triphosphate (A'PI*) ; this reaction is 
rev(*rsihle, creatine phosphate translerrini; its -^pf) to adenosiin^ diphosj)hate, 
(ADP) and re^emu-atin^^ ATP as re(|uired. 'I'he energy of (tarhohydralt* 
dissimilatioji in muscle, is initially made a.vailal)h* as the hieji-emn-ey phosphate 
bonds ol A TP (p. 129), but it is siom! as the hieh-e]n*ruv ])hosj)hat(‘ bonds of 
crattnu' /jlmsphafr. (h'eatine phosphate can be accumulated in (juantity 
(unlik<‘ A'ri*), and its hiuh-ener^y phosphatt* bonds are axailabh* for the 
rapid re-synthesis from ADI* of the. ATP which is reipiired for muscular 
work (Fie. 571). 

Energy oF 
Dissimilation 

p ... 

ATP + CREATINE 


Muscle 
Energy 

t’lo. “iTl.- C’i<‘aliiir I’liospliate a.s an Kiicii^.v iSl-erc. p2atl.) 

FnjtMATloN OK (Jkka’I’INK A.\o Ckkatimnk. Isotope experinumts have 
shown that creatine is synthesised in the liv(*r fn)m thr(*c amino-acids 
(Fi^. 072) : artjininr tratisfers its amidine ,i;rou|) to/////(•//#c to forn) eiianidino- 
acetic acid, whicdi is irreversibly transmethylated by ntrfhioniHr (p. S(S3). 
The ereatim? is discharged into the blood (normal level 2 S m^. per 




[From Arginine] 


NH = C 


[from Methionine] [from Glycine] 

j 


Fio. 572. - Creatine Synthesis. 

Null* thft thriT ainiim-ai ids involved in the formstion of {TraiiiH-, :iTid <d rivniitir 

jih(H|ilKil(‘ .ami I'reatiniiH'. 
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llX) c.c. of whole hlood, 0*‘1 mg. |)t‘r 1(K) c.c. of .serum) ;imt taknui up In- 
tin* musclv's a.s retjuircMl. (^'reatine in excess of the musch* storage ca.pa(‘itv 
(e.(j. afttu* ingestion of large amounts (»f crealiiie) is ilisjjostsl of by uuknow?i 
means, though in s[)e(*ial castes it is excret(*(l in tin* urine (se(‘ below). 

The chief reaction of creatine is its phosphorylation by ATI* to give 
creatine plios[)hate. Some of the store of creatine phosphate is continuously 
l>eing lost to the body l)v a slow, spmitaneous transformation to cm/Zr/z/y^c, 
by ring forinatio?i with lo.ss of lJ.jPO., ; the creatinine is excr(‘t(‘d in the urine. 
This is the major source of cn‘alinini‘, little or none coiiiing dirrrt from 
creatine itself (/.c. by ring formation with loss of II..()). 

Excretion of Preatixk in ITune (rREATiNruiA). (heatine is not a 
normal com])om‘nt of the urine but may appear in the following conditions : 

(i) (a) It is constantly and normally |)n‘s«‘Mt in chihlren of b(»f h staves up 
to the age of ])uberty. This fact may be associat<*d with the low storage 
{)ower of the musch‘s for creatine at an earlv age. 

(/>) It is found in an int(‘rmittent manner in th(‘ urine of women, but is 
not related to nnmstruation. 'Flnue is a. continuous creatim- e.ver(‘tion durini: 
pregnancy. It rist‘s to a ma.ximnm of l o g. daily afl(‘r delivcr\’, \vh»m it nia\' 
bt‘ derived from the involuting ut.<‘rus. 

(c) (h*eatin(‘ is excreteil irregularly by normal men. 

(ii) In certain pathological states of muscle, c.//. the HnjuiHithirs, i*r(‘atine 
is exen'ted, because of tlie low storage power of the musch‘s. Even if oid\' 
small anioiints of creatine are ingested, IM.l*',, or moR' aj)pea.rs unchanged in 
the urin<\ 

(iii) In any condition in whicli unusual breakdown of the tissues (especiallv 
muscles) occurs, <\(j. in .starvation, diabetes, exojjhthalmic goitre, ami fever 
(from the incR'ased metabolic rate), creatine is excr(‘ted. In all states of 
uiuler-nutrition the jnuscles b(‘ar the brunt of the bunicii ; as tlnar suf»stance 
i.s ])roken down for energy purpo.ses, creatine is liberated, some of which is 
.stored in the muscles which are still intact, and tlu‘ rest is pa.ssed out in the 
urijie a.s creatine. 

Excretion of Creatinine, (heatinim* is fm-med in the body e.xclusivelv 
fiom creatine via creatine phosphate. Minute amount.s of ci'cat ijiine (so-called 
endogenous ’’ cn*atinine) are present in ])Iood (I mg. p(*r IfK) c.e.) ; it is a 
non-thresliold sub.stance which is excrctial in tiic urine by filtration from the 
glomt‘ruli (]). ‘33). If creatinine is iiige.sted, tin* blood ]cv(‘l i.s raised. Tliis 
‘‘ exogenous " creatinine is also exereted by the tubules (ef. ]>. 31). 

'rh(‘. urinary f)utput of creatinine during a period of work is invariablv 
greater than during tin*, corresiyonding tinn*. of a day of inactivitv : tJiis is, 
ln)wever, immediately followed by a period <»f umisually low output, .so that 
the 24-hour output is unaihrted by work. 3’he daily out put of ereatinim^ i.s 
thus rea.sonably cojLstant and is indep(*jident of tlie protein intake or the total 
amount of nitrogen excrettal. Creatinine output depends myt so much on 
the mu.scle ma.s.s a.s on its creatine pins creatine |)hosf>hjite ston*, though, of 
course, the two are related ; the amount of creatinine ex(‘reted in 24 hours 
repre.smits the conversion of about 2‘!;j of the body creatim*. 

Urinary creatinine is a product of endogenous metabolism in the classical 
scn.se, repr(‘senting the removal of the steadily ex|)endabl(‘ creatine. Tlie 
excretion of ereatinine means the lo.ss of valuable methyl groups from the 
liody ; of the normal dietary components only metliioinm*. ean supply the 
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methyl j^ruup.s to n‘])]uee them (p. 882), thougli tissue synthesis ol' metJjyl 
jrrou])s nuiy make soiih' eontrihiition ([). 884 ). 

Ammonium Ions. -Tlie oripn and si^nilicanee of uniiary ammonium 
ions, M1J4*’, are fully disf*uss(*(l on ]). l»7. 

('1) Amino-Acids. 4Vuces ol tminv amino-acids ami siiiall pej)tides are. 
found in normal urim*, represcmtini^ a mainly “ endo.j^enous " ('xen'tion. An 
incToase in the excretion of specilic amimVacids (probahly du(i to faulty 
reahsorption )>>• tlie renal tubules) may occur patliolo.Lncallv (/.//. in the 
Kaanmni syndrome).’ 4^he inx est i^ation uf urinary amimeacid ])at terns bv 
“ pa]K‘r chromatoerajjhv " may have* diat!ii(,s(ic valiie.^ 

(•ertain amino-aeids are u.sed by tht‘ liver to " detoxlcati‘ " unwanted 
compounds (f). 828). Tliese ju*oducts, of which the chi(‘f is ////>/>/ 0 ‘/c arid 
(from tin* condensation of benzoic acid willi elyc.ine), tJuui appear in the. 


(o) Uric Acid. - Uric acid is tin* only recoLunsed end-jucMluel oi‘ j)urine. 
and niich‘oproU*in metabolism in man. ancl is {liscuss(Ml bellow. 

Nucleic Acid Metabolism. Purines and Pyrimidines. Uric Acid. 
Ib’KlMCS. The formula* of the cliief purim‘s of pliysii‘logical int-erest are 
shown in J'"i,u. r) 7 .‘i. 
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' Tlie Fitncoiii syiulronie is a form of rtsleomalaeia or rit krls, re.sislant <»» vitamin /> 
therapy, ami characterised Ity urinary lo.ss ol phospliale, tflueust' ami aiiiino-aeids. 

Paper chromat.ojxra])hy : a leehnitpie for th(‘ separation ot eI(»se]v related suhstaiiees, 
aj)})lieal)le on the mierogram scale. Tin* mixture tit sultslauees is atlsorherl at one sjiot, 
on iilter-pajter ; solvents are then ])ass(‘d over the s])ot by ea.}>iMary attraetioii in the 
paper ; each (»f the eomporjeuts of the mixture forms a sej)aratt‘, tiiserete spot in a ]>osition 
along the j>aper dependent on its soliihilily and strength of atlsorptiou ; the spots ran he 
located and ideiitilieii. For the use of this teehnicpie to investigate al.mormalitit‘s of 
ainino-acid and protein metabolism, see Dent. Hitn'hnn. Soc, Symmsitm, No. (MUU 
34-49. 
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PirUIXK MKTAHOI.ISM 


Not(‘ tliiil |)urint‘» :\rv IVoiii a systi*in of two fused rinjj[.s oach contaiiiiiii* 
two X atoms, Jiiiiiioly a (i-mcinlx'ml (pyr'miidiiio) riii^ and a r)-m('mln‘red 
(iminazol(‘) Tlio piiriiios wliich liavo Ihmmi round in nucloic acids ar«* 

(ideuiuv and guuuiur. 

PvKiMlDTXKS. The pyiimidincs arc huilt from a (i-memhered rin^. 
identical witli atoms 1 (» of tlie purine system. Tin* pvrimidim's which have 
h(‘en lound in nucl(‘ic acids are untcih ctfiosiuc, and 1hijiuim\ with tlie formula' 
showFi in FiiT. oT I : 
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I'lc. r>71. 'flu* Stnn‘luie.v III Soiiir l‘v riiMidiiio 
jimiid ill >iui-J<*ic Acids. 


DlS’l’Kim '1 ION OK PrniNKS ANO PyIUMI oinks. /// Tissues. The nuclei 
of all cells an' rich in nuch'ic' a(Mds (present mainly as nucleoj>?-ot(‘in, p. S7S). 
All cells contain inich'otides which function as coenzymes (pp. SIO, 102!^). 

Tells contain enzymes whicli constantly break down tissue nucleic acids 
and liherat(‘ the purines (aih'iiine and ^manine) and the ])yrimidines wliich 
enter a ** common ])urin(‘ and pyrimi<line ])Ool ” ; simultancouslv, nuch'ic 
acids are rebuilt from tlu' pool. The maturation of nuedeated led blood 
cells to form non-nuch*ated discs involves the th'struction of tin; niich'us : 
this process is an important sour<*e- of puriiu's and jiyrimidim's to the pool : 
smaller amounts are fuo\ided bv the desiruetion of circulating white blood 
cells. 

In Fond, (i) The cellular foodstuffs which are rich in nuclei, c. 7 . liver, 
kidney, pancreas, brain, yi'ast, are likewise rich in nuch'ic acads which are 
di«iested in tlie intestine (p, S7h) jijivin^ rise to adenini', guanine, and 
pyrimidines. 

(ii) 0 .xy-j)urin(*s, r.g. xanthine and hypoxaiithine, are present in meat 
extracts (soup, beef tea, and the lik<'). 

(iii) Methyl-jmriiies, e.g. theopiiylline, cafh'ine, theidiromim*, are present 
in t(‘a, coffee, and cijcoa. 

Purine and Pyrimidine Metabolism^-- (1 ) Adknink. -There is a 
common adenim; pool ' in the. Iiody. Tlie iiool re.c(‘.iv(?s (i) adenine, released 
from the foodstuffs ; (ii) adenine released from various constituents of the cells 
(chiefly from nucleic, acids, hut also from the c.oenzyme. nucleotiih's and 
a(lenosin(3 triphosphate); and (iii) adenine synthesised in the body (]>. 81)7). 
Free adenine is taken from the pool (i) for the re-synth(\sis of adimine-contain- 
irijr cell components (it is naturally taken up in larger amounts during 
growth or repair); (ii) for conversion into guanine; and (iii) some is “ wasted” 
' 15invvn, ('(M Spriufj Thirhor Symp. Quant. Biftl., lUtS, .XIIF, 4.'). 
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l>y trjiuslormed iiitij uric acid (s(‘c b<*low). Adcniiic is mu used iu tin* 

ronuatiou of tissue jiyrimidiues. 

(2) Othkh Pukinks. (Juauiiic aiitl other j>uriues (e.f/. Iiypoxantiiiue and 
xaiitliiiie) which hav(‘. l)e(‘n absorbed from the iiitesl im* or formed in t in* body 
cannot la^ reconvcu’ted into adenine, nor are they taken u|) by tlie cells for 
syntludic ])urj)Oses. All these* j>urines are converted into u?ic acid wliicfi is 
partly exen^ted in the urine. 

(*i) PoKM.ATlox AM) Fatk OK (IjMc Acij). Tli<‘ stauies in uric acid 
formation in imin are* probably as shown in Ki^. oTb (b)rmula* in Fiji. oT.'J). 

Tissue Food 

Nucleic Acids Nucleic Acids 

i! I ■: 

syntiicsis-► Adeiiiue —.> (xuanim* 

I dissimilation 

I 

Hypoxantliine->Xanthine— >-URTC ACID 


urinary 

other excretion 

sources 

Fic. T)?"). 'riie .Metabolism ot aiul tiu' Formation ami t'ati* oi Acid. 

In many aniuuils (c.//. most breeds of doe) uric acid is turth(*r oxidised to, 
and excreted as, ((Ihutfoih. Strangely enough, tin* Dalmatitin coach hound is 
unable to reabsorb urit* acid in tin* retJtil lubuh‘s and thus exen'tes tdl the 
uric acid which is filt<*red out in the irionteruli ; it is, iiow(*ver, ttble t(.) form 
allantoin if the un'ters art* ti(*d ofi’ t«) retain the uric acid within the body. 
Jn man, most of the uric acid foriiu*d from purin(*s is cxcr(‘t(*d in the urim* ; 
it has been shown however that a considerabh* proportion of ex|)enmentally 
administen*d uric acid is further oxidised to uukiiown products. 

(1) Pt'iu.NK Svntuksis. I*urini*s can undoubtedly lx* syntlu*sised in the 
body. 'I'he evidence is as follows : 

(i) An infant, on a milk dit*t, which is almost purine-free, puts on weight 
and iiK'reases tin* total number of its cell nuchu and the purine content 
of its body. 

(ii) A Dalmatian do.u led for a year on a. juirine- and nucleof)ro1;ein-free 
diet (*xeret<Ml lOU n. (,f mic acid, t)f wiiicli not more than 10 conld have come 
from preformed j)urine of its tissues. 

(iii) There is eonvincinj^ isotopic tracer evitlence that adenine (and th<*nce 
uric; acid) can be* syntliesiscxl from non-panne C()m])on(‘nts ol the common 
m(*ta.lx)lic ])ool. The sperijir source's of (1 of the b atoms of the rin^^s liavc* 
been determiiuHl : (M, C "), and N 7 arc; derivcxl from ^dyeiju* ; C (> from 
blood IICO./ ; (- 2 and C S from om‘-c*arbon “ formate* " units (p. S^<D• 

(hianine* is forme*d from aeh'iiine* aneJ probably also Irom non-purine* 
sources. 
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Ar^iiiiiu* Mild liistidiiM*, in spdr of r(*s<Mnl)l!in(.‘t‘s in thnir .striu*tiiriil 
fonnulM* to ])nrin(‘s are hof concnrjual in piirino syntli(‘si.s. 

(o) PvKiMiDiNF.s. Tlu* modi" of roniiation and tiu‘ fain of tlie ])yriinidin(‘s 
of nu(‘l(*ic acids is still obscure. 

Uric Acid. (1) Fohmatiox and Fatf of Ciiir Ac id. Sc(‘ p. 8i)7. 

(*J) FA(’Tor{s AFFF( 'ri\(j Ckinakv Cuir A(mi) Oi'ii’i r. - Cric acid is 
cxcn‘tcd childly as inonourati' salts. The filial daily oiitjuit d(‘pcnds partially 
on the |>iirinc content of tin* iliet, and is tt-Tb 1 e, i»n an a\'era^u‘. On a 
purine-tViH* dii‘t it falls to about one-halt', /.c. Ob but. this residual 
(endogenous) ivvcretion varies widely : it is in(‘n‘as(‘d by \ iL:orous activity 
(exercise) and is intliienced by tin* otinu* constituents (»f tin* diet. 

(i) Pntfrih in^U'stinn stimulati's the uric acid output : thus cliaULon^^ 
from a diet of* milk and coirs to one of starch and cream h)weis the uric acid 
excretion, though both diets are purim* free. Invested amino-acids, cvim in 
small amounts, increasi' the hourly {‘astin.ir output of uric acid. 

(ii) Th(‘ nilorijir value of the diet is i!n]>ortant. On a constant ])rotcin 
intak(‘, raising the calorilic valm* of the fond increa.se.-, the uric acid output. 

(iii) ir the diet is mainly carbohydratt‘ with littlt‘ f’at., there is incn‘a.se<l 
uric acid excretion. If the diet consi.sts of little carbohydrate and much I'al, 
the uric acid output is small. 

To .summarize : uric acid excretion is diminished when the iliet has a 
htfr junutt' content, a httr /trofem content, a /mr (‘ahnijir ndNr, and consists of 
fat rather than (»t‘carbohydrate. 

(.‘J) liiAioi) rule A(’i 1). The normal limits are O'T /i-T me. prr hltl c.c. with 
an aV(U-aoc of mu. It is raisial in (fifnt up to b mu (infra), 'fhe way in 
which uric acid is carrierl in the blood is still unce?-tain. Inuestion of purine- 
containinu food has no cHect on the blood uric acid in normal people, but 
rai.se,s it in ca.si's of/vaa/Z insnjiicintct/. it is claimed that uric acid is tin* first 
nitrou<‘iious c(»nstit unit tf> be retained in nepiiritis, \ alucs of <> mu ‘u- over 
occurrinu befor-e the other nit rou<‘*“^^ts const it mmts are increa..sed. Ln nra ntia 
(p. 7t)), vabn‘s as hiuh as 27 mu "o may be obtained. In Irnkatnia and 
jnn'tinnuuft considcrabh* lucakdown of nuclei of white blood corpu.sch*s 
(xauirs, and the bh»od uric acid is raised. .Althouuh in thcs(‘ two disea.ses the 
kidneys arc <*xcn‘tinu a ui’<*at deal of uric aci<l they are unable to <‘liminate it 
as rapidly as it is formed. 

Gout. (J out is a clironic di.sorder cliaracterized by (i) exc(*ss of uric 
acid in the bloo<l ; (ii) d(‘position of immo-.sodium uratt‘ in the c.artilaues 
of the joijps and in other structures: and (iii) recuirinu attacks of acute 

l.sot«)pic tracer work* shows that the uric acid ])oor' in a normal man 
is al)out 1 Um I'tit. ill a subject with severe. u<»td tins was increasrxl to U-^ 
valu(‘ which inc.lu(h*d t he tophi (solid urate <ieposils). 

Tin* cause of the exce.ssixe concentration of uiic aci<l in the blood ami 
l)ody fluids of u<>uty patients is unknown. Tlnue is no (‘vidcuna^ of ov(m- 
production of purine bodies, si) that the ch'fect may be one of elimination, or 
failure of dispo.sal of uric acid in the body. It has been suuU‘‘‘'^f<*<l fliitt there 
is failure of the kidn(‘y.s t(i excrete uric acid arle(|uately, althouuh they 
eliminate the other nitrou(*nous constituents of the blood, c.//. ur(?a, in a 
normal manner. Tin* uric. a(id may be cinudatiiiu in the lilood in .some 

' I^cncdict rial., ./. rUn. Inrrsliij., ItfiO, 2.V, llOt. 
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ahnormal cuiubiiialioii, wJiirli pivvrnts its tilinition })V \\w i^lomcruli of the 
kidiH'V. 

No satisfactory explanation is available to account for tbe deposifion 
of uralea in the cartihi^es of the joints. The blood uric acud is raised to 
considerably higlier levels in some cases of chronic nephritis and leukaunia 
without such deposition taking place. 

The cause of the arthritis in ac,ute gout is also obscure. It is generally 
assumed that the inflammation is excited mechanically by the deposition 
of urate crystals in the tissues. Uratic concretions may, however, attain 
a large size without causing any symptoms whatever. 

The excretion of urie acid in the nrine is reduced just before nn attack of 
gout and is increas(‘d during 


tlie a.t.t.a<*k. Uelween the 
attacks it may b<‘ about normal 
or slightl\ diminished. 

Th<* (\rui^ rinchfijfhr/t g?-eat lv 
incn'ases tin' urinary uric a(‘id 
excretion and lowers the blood 
uri(’ acid in gout. 'the increased 
eliminatif)n c(*ases after 2 days. 
an<l if tin* use of the drug is 
continued longer it tails to 
(hcrease the blood urie arid 
level furtlnn*. 'fhe excretion 
of urie aeid in the urine is 
markedly increased by 
pit uita ry cort ieotrophiii 
(A(’Tll) and (‘ortis(»n(‘ which 
])robaidy act directIv on tin* 
kidrn'V. decreasing the degree 
of r(‘absorption in tin* tnbiiles. 
Acrgyl salicylic aci<l (asjurin) 
lias a similar (‘ffect. (’olchieine, 
which may relicvi* tin* acute 



pain of gouty arthritis does lurio, ;j.v, iliMi.) 

not increase the urinary out juit. 

of uric acid (Fig. bTli). 'fin* dietary conditions which s(*i’vc to diminish uric 
a(*id excretion liav<* been smiifuari/ed on p. SltS. 

Sulphur Compounds in Urine. The sulphur com pounds of urine* are 
d(*rived sohdv from tin* snljifiur-contaiiiing amiim-acids (methiemiin*, cysteine 
and cystine*) of tin* die*tarv anel tissue* pre)tt*ins. The* sulphur is cxe-n'lcd in 
three* forms : 


(i) Innrijanir Nb/Z/^/z/'/Zc. -Sulphur-coiilaining a-niine) acids e)f the* amino- 
acid ])ool that arc not iiscel in |)re»t(*in synth<*sis eu* e>tlie*r transteirrnatkins 
(p. 8<S'2) are* e‘e)mple*te*ly eixieliseki, the nitrogen appe'aring as urea and the 
sul])hur as snlj)hate* iems, The* sidpiiate* aniems are* e*xcrctcd in the 

urine, with an e*ijuivale*nt amount of catieui (Na", K‘. Nil, ), 'riie leve*! of 
inorganic sulpliate (*.\e*F*ctie)n jbllows that o1 nre*a e'.xe'ie'tion, be*ing high em a 
high-protcin di(‘t and re*achi?ig a miniFiium e)n a pre)te*in ele*licie‘nt elit*t. The* 
normal ningc of urinary e)ii( juit is (I-.*! *k<tg. e)f sulphate* ions p(*r elay. inorganic 
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sulplijiti* intiodiKrvd iniu tlio hody jKirtrntally is t^xcrt‘lfd without a|)|»n*(dahh* 
utilisation. 

(ii) PJfl/vmtl Sulfflffilr. Th(‘ urine contains small amounts of or;^a,nic 
suljdiate (‘sliMs, 1{ () SO.jlI (when* R-- various aromatic radicals), tin* so 
ealli*tl rthvmfi sulfihiUes. 1’liese are the forms in whi(‘h many |)ln‘nols, It.OH, 
an* (h'toxicaled ' and excreted in tin* urim* (j). S‘2S). The conjugation of I he 
phenol with sulphur fi-om amino-aci<ls takes place* in the liver. The jdienols 
which Idrm (*th<*n‘al sulphatt‘san*: (//) physioloixical conijauinds (e.fj. o'strom*); 
(/>) non-j)hysiolnoical compeuineis (c.//. salicylic acid from in^^ested aspirin : 
and (c) pln*n(»ls formed fn»m aromatic amino aeads hy tin* putn*fact.ioii of 
amino-acids in iln* intestine. Thus trvj)te>phan is <lecompos(‘d to uiive indoh*, 
which is oxidis(‘d in the liver to indoxyl and conjujLaite*d with SO,". The 
potassium salt of indoxyl sulphate* (calh*<l indinui) is (*xcn*t(*d in tin* urim*. 

(iii) Na//>/n/r. This t(‘rm is appli<‘d t(> a het.<*ro^<*nous colh‘ction 
of um».\idiz(‘d S-c<>ntainine suhstam-es (/*.//. cystiin*, nn*rcaptans) found in 
tin* urine* in trae“(*s ; t ln‘ir etriuins an* ohscure, hut tin* total in*utral S «*xcretion 
i> unaflecte'd hy the* diet (in tin* classical te'Tanitioloey, it is e*mh»,i»<*nous). 

Metabolism in Starvation -Duriiiir starvation, tin* suhje*ct must live* 
on the e-ompoin*nt tissin*s eil' his own body tor e*ne*r,uy purpos(*s. Kve'ii if no 
physical we)rk is Iwimr dotte*, aheeut (\al. will he* in*t‘eh*el elaily. Durine 

the* first levs days tin* ulycoecn ste>n*s e)f the* live*!* are* calleel upon, hut the*se* 
at tin* l)e*st eudy amount tos<*ve*ral Imnelfvel ennnnn*s anel so anM)f ve*ry litnited 
value. d’In* main soure*e* of e*ne*rey must he* the* fat n*serve*s atnl tissue* prote*in. 
So loiiii as fat is available* tissue* pre>te‘i!i is use*ei sparin,tjly, hut semn* nrl 
eie*strue*tion e)f proteuti caiiJn)t he* ave>ieie‘ei. 

OsK OK Ra'I'. As elise*usse*el e>n p. S(»th tin* fat whie'li is us(*el in slarvatie)!i 
is the* ne*utral fat (t ri.iilye'e'ride*, f'bhurni mriahir) whie*h is tdund in aelipejse* 
tissue* ; it is iHohllizrd ami taken te) the liver, vvhe*re it is e‘ither e*omplete*ly 
elissi]nilate*el eer lransfornn*d inte) ke*te)ne* }M)elie*s, which are se*nt te> e»the‘r tissues 
j’or eexieiatiem. d’he* e’e»mple*x iipiele* {rlnnrnf ronsf(nff) which forms part eef tin* 
e’cll structure is span*ei till the* e*ml. 

Tsk e)K Tissok lh{e)'j’Kix. Ti.ssue* pre)te*in is tre*ate*el in starvatiem like* fe)e)ei 
j>roie*ifi anel is hyeindyzeel to amine»-ae-iels hut e)n a. lar^e*r se*ale* than m>rmallv. 
The* tissues an* m)l tre*ate*el uniforndy : l)rain ami in*art only le>.se* e)f tln*ir 
hulk ; muse*le*s, live*r, and s|)l(*e*n lejse- .‘iO, of), ami re*spe*e*.ti\’e*ly. There* is 

e*viele*ne*e* that tin* hn-akde>wn e)f tissue pn»te*in in st.ar\at.iem is e‘e)ntre>lle‘d, 
pe)ssil)ly thnui.eh tin* ae*tie)n e>f the* aeln*nal e-eerte-x. 

The* re-le*ase*el andneeae*iels e*nteu* the ” e-omnnm pe)e)l." (i) The* lirst. eadl on 
the* jM)f)l is tf) maintain the* structure* ami se) pre*se*rve the* fune*tie)na.l eHicie*ncy 
f)f the* cssntlial eu-^ans (e*f. p. S‘J2) ; this wemlel alse) iieclude fejrmatie>n of 
enzyme*s ami theese* in»rme)ne*s whie*h an* ])rot(*ins e)r a.ndne)-acie.l eie*rivat.ive*.s. 
(ii) Tin* se*c<»nel e*all on tin* pool is to pre‘.se*rve the* neirmal hle)e>el sugar le*vel 
without whie*h brain fum-tiejii fails: as the sugar is ste*adily withelra.wn fre)m 
the* hle)e)el by all the* e)rgans (and not oidy by the brain), pre)tein useMi in this 
way is ae*ting as a se)ure*e* e)f energy. The ceiiiversion ed’ amine>-a,cids to sugar 
(e»r the* eiissindlation of amino-acids in place e>/* sugar) ocemrs in the* liver and 
involve*s preliniinary ele*a]ninatiem ; tin* NH., thus lihe*.ratexl is excn^teMl as ure*a. 

The*, urinary un*a output in starvatiem is an inele*x e>f tissue pre)te*in ea)n- 
sumption. \Vhe*n the* fat sle)n*s are*. e*xhaus|.(*el, pre)te*in aleun* is available* fe»r 
e'liergy purpe>se*s and eieath rapidly n*sults. 
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\itnHjrii c.n-n'hitH tlM‘ first of stiirvjH ion avcinur.s ahoul. lO li. 

(knly (which is far hij^hcr than tin* possihlc niininiiini (cf. |». <Sir2)); tlnriiiii the 
s(‘(M)iid or third week it may fall to a. c.onsi<ieral)ly lower value*. Tin* chan<r(‘s 
in tin* individual nitro‘^(‘nous and sulplnir-cemtainint^ constitin*nts are 
e*ss(*ntially snuilar to those ftHunl on a hue protein i(iet (s(*<* Tal)h‘. p. Si»l). 
dust l)(‘ron‘ (h*ath tin* urinary nitrom*n output rises st«*(‘plv (’* |)r<‘imutal 
rise* ”) e)win;i to the* ra|)ie| ele'st ruetieui ejf tissue* pre)le*in. 

Se>rK('K.s e)K Knkk(;v. An examinatiem e)f the nitre)ire‘ne)us e*x(‘retie)n ami 
of t-lie* me'taholie- rate* e*nal)le‘S all e‘Stiniate* te» la* made* ejf tin* re‘lative* aineuints 
e>r fat and pre)t(*in which are* he'inji ce)mhust**d. Tlius, a st.ar\ in^ man on tin* 
fifth day of his fast, whe‘n his e‘ne*r<>y eiutjiut was 2tMMi f^al., e‘xcre‘t(‘ei IM 
e)f N. 1 ji. eif nitre>Ln‘n in tin* urine* re*pre*se‘nts tin* l>n*akde)wn e>f o. 

of pre»te*in. The* urinary nitroii!e*n ineiie*ate*s that (i-^o • I 11 71o tr, of tissue* 

pre>te*in we‘re^ In'inji hre}ke*n elown, whie*h wenilel yield rou.LrhIy otM) (Ail. (1 
pr(»t<‘in- M (^il.). The r(*st, e»f the e*ne‘r^y, i.e. 17(Mt (’al., must have* l)e*en 
de‘rive*el freem ahout liH) n. of fat (1 fat Cal.). The* fasting hexly was 
usin^ pre)te*in ami fat. in tin* preepeu-tiein l»v vveii^ht eif 71 o : I‘.tn, i.e. aheiut 
I : 2 ;). 

Kktosis. Owin^ tei la<‘k e»f e*arhe)hyelrate‘. ke‘te»^r(*m*sis is stimulateel and 
ke‘lones pass intei the* hleieid freim the live‘r faste*?’ than tln*y are elispeisenl of ky 
tin* tissue's (p. S7C). There* is thus a ke*tosis anei ke'lone* l)e)die*s appe*ar in tin* 
urine*. Tin* usual ste'jis are take*n 1e» e*e)mf>e*nsate‘ for t In* t«*mle*m*y te) aciehemia, 
i.i\ lMiffe‘rin;r hy me*ans eif l)i(*arhe>nate*, incivase'el puimonaiv \'e‘nti1atie)n. ami 
fall of alve*olar (^Oo te'iisiem : im*re*ase*d acielity e)l‘ tin* urine* ; in(‘re‘ase‘e 1 NliC 
e*xcre‘tle)n (|). ^tl). As the* ele*pe)t fat is nmhili/e*d, tln'i-e* is a slight rise* in tin* 
hloeiel fat ami fatty liv(*r ele*ve*lops. 

lineie)!) St’eJAK. 'I’iiis is maintaiin*el at a ste*ady leve*l alnnest te» the* e'lnl : 
it is fe)rme'd in tin* liver from amine)'ae*iel residue's, i’lve*e‘?-e)l (fre»m fats) and lactie* 
aciel (fremi partial elissimilation of muscle* elvcoumi) ; if hepate‘(*tfmiy is 
|)(*rforme*d, a hypo^ilyca'itiia whie*h is rapielly fatal, re*sulls. 

Death occurs a.fte*r ahemt. 1 we^eks, whe*n tke* hoely we'iiiht is redue*eel l>y 
The* t(*mp(*rature only falls just hefem* the* e'lid. 

The principal metabeilic ciian^e's in starvatiem are illustrate*d in Fij:. 577. 

Feir a eliscussiein of the* e*ffe*cts <»f unele*rnutrition se*e* j)j». lOlo lOoO. 

Nitrogenous Equilibrium. When we say that tin* hexly is in nitre)- 
»^e*nons eepiilihrium we me*an that the* nitre»j»en intake in t he* foexl e.iv(*r a ,i:ive*n 
(le>n<;) pe*riexl etpials e*xae*tly the* nitrogen lost in the* e*xe*re*ta (mainly in the 
urine* ami, teia mim)r (*xte‘nt, in the* fa*ce.*s) e)ve*r the* same* jx*riexl. Kxpe*rime*nt-s 
nn*asuring nitre)ge*n ititake* anel e'xcretiein uneh'r sj)e*citie*el comlitions are calle*el 
nitrtifien halanee e*xpe*rirne*nts. .\ suhje'ct in nitreigemuis e*epiilil)rium is saiel to 
he* in nitrogen halanee ; hy a curie)us extensiem eif this termimelogy, a suhje*ct 
w’ln^se* intalr of N is (greater than the* emtjMit (c.//. in gre)Wth) is said te> have* a 
positive nitrof/en Intlnnee, anel e>ne whose intake eef X is swatter than the* e'uitjuit 
(c.e/. in starvation) is said tei have a ne<fatire nitror/en hatanee. Kepiilihrium 
will he* maintained e)n a elie*t of protein alone if preitein is aelministe*re*el in 
sulficienit epiantity to «ti|>ply the///// enenpj reqairernents of the* hexly. This 
can rejadily he* deme; in carnivorous animais, hut only with difficulty in man. 
Led- us cemsider the* case of tlie man mentionexl previously whose* fasting 
re'ejuireunents we'ie* 2000 Cal. The ingestion of jwote'in will raise the energy 
e>ut})ut further and inere*ase* his fe)e)(l requirements. Lean meat contains 
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(>r : thus I il>. (;">(«) li. ;i|)|)roxiiii;il(‘ly) yi(‘hls lOd 

so tlijit jihoul <) 11>. would havo to l>o coiisiinuMl daily to provide the energy 
iiei'ds in this siihjeet at rest, ami eousiderahly iiiori' would he iiee<‘ssary duriirj; 
(‘Xereise. Eskimos eoiisiiim' about S !h, meal a day and maintain execdlimt 
health, and tin* saiiio leal has Ikhmi ]H'rlorni<‘d hy explorers in Arctic re«j[ions. 



F'io. 577.—Metabolic. Changes during 31 days’ fasting in Man. (Modified from McLeod, 
Physiology and liiochemiftiTy in Modern Medicine.) 

'the chart la prepared frem an experiment by F. (J. Benedict in tlie Nutrition Laboratory of the Carneplc 
Institute, ItoBf/m. lin*J. 

Alveolar fa.)j in iiim. Hi,'. ; Total nitrogen, ^-hydroxy-inityric acid and nnmionia-N in the urine in g. in 
;il houry. 




MTHOliKNOl S Eqi UAliUWM 

If an aitK^iint ni jn’oloin is i^ivtni to a stnrnintf f)f‘rs()n to tin* 

amount of t issiK' protoin iiinl«n-oi,in^ (h'stniot ir)n, tjion* is an almost oijuivalont 
iticreas(‘ in tijo rntro^onons oxorction in llio nrino. Tliis is a siirprisino rosult 
ami not \a*t (‘Xj)laino<], l)iit tlio ta<‘t romains that, so lonii as tin* full onorjLTV 
nvjviiromonts of the hotly art* not mot hy in»jri‘Sto(J footl, tho tissiit's ot)ntinno 
to 1)0 hrokon tlown o\o«*ssiv(*Iy for om‘rirv piirposos ; tissm* |)rt)l.oin anti fat 
aro list'd in tin* projantions nott'ti ahovt*, and nitrt)ot*ianis loss otmtimios. 

It (*arholiytlrato ami lat art' athlod to jmivitio onor^v. muoh lt*ss fot)tl 
prott'in is m*oossary it) protliioi* nilrtiirf'iioiis lialanoo. Tht'st* siihstanoos art* 
tt'rnit'd profriii sjKtrcrs. hy irivinu: (‘iioii^li oarholiytlratt* to a fastin;^ pt'rson 
it is possihlo to lt)Wt‘r t ho X t*xo?*i‘tit)n ft) ont'-third its pr(‘V'it)iis h'vt*l. Similarlv. 
t ho tlaily X oxort'titin t)f Mi t>n an t)rdinaF-y dit't oan ho «»r<'atlv rt'duot'ti (r.t/. 
to *>•<) (p. hy ojx ifijjr jidotjnato siipplios of oarholix’dratt* ami I'otluoiiijj; 

I h<* prott'in consumption, ^riit* nnnntnnH mlrntfonHis rrcrrho)! nv(‘urs irln'n 
inilinHlrti (umnnils uf nu’hohfpli atr ftitd faf arr (/Irrii U) pi nridr Ihr full rahtric 
nufmrrHHitls (j). spii). M)nt tho suhjt*'*! is not in nit rt»oojn)ns otpiilihrinm : to 
ostahlish nitroi:om)ns halanco oi*rtain minimum amt)nnts of prt)ti*in must ht* 
pr<)\itlt*d in tho food, 'rids irmhicdtlv prttfrin inhiinunn xarios xxdth tho kind 
of pi'otfin iiivt'ii. 'riit* it'latix't* xalut's prt>hahlx' th'pi'ml (i) on tho aimmnt oi 
tho ossontial amint) acitls containotl in tht'st* jirott'ins, ami (ii) on tin* tloj>ir(*»* 
tt) xvhich tho nixcn j)rt)|oin cttntains amint)-aci<ls in tin* saim* prt)portions 
as aro Idnml in the 1 issues of tho animal in tpit'slion. It is impt)ssihl<* to 
maintain X ••tjnilihrinm tni tiit'ts xxddoli f/rr (Ivfirirnt /a (ttuf oac (f>r //tore) af 
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Fin. oTS. The sigiiitit am^t* «>t’ KssoiitiMi Aiiiin(»-A( ifls in tlu* Miaiiitt'ii- 
jiiifo ol‘ \itrt)jn'n()ns Et|iiilii)i*iiiin in .Man. (HocJraxvii lrt)ni Hose, 
J. hioL Chem.. y.V.?, Tvll.) 

Tho stihjfi't was on si hassil ilirt, lutsil JX 7 ()l K /<h>y. ha**,, of this X hiMn^i 

fiinilslM'il l>y a known inixtiin* of H) |»iin* aiiiino-ariil.s. On this iliot, a. llui'tiiatiniJ' 
nitro^'fiioiis ('(jnilihrinin is inaintaint'd (juTiod A). Omission of ralinr ({M riud B) 
(sr mvthiouUw (pfiitnl D) iimm'tliatoly causos u nosrativo Issilanco lo appt'ar (f'.f/. 
totsil iN loss (tv«‘r B a u.). Kostoratioii of tin- iiiissiiijj amino-acid is followed hy 
the cstahlistimiait of a positive halaiicr (periods C and E). 




!>()I STUDY OF ( Fl.L MKTAHOLISM 

fhi' rssrnlidl atniitodrii/s (p. SSI), no nuittfr how ninch protein is ronsiniWMl 

(Fi^^ r)7S). 

KK) ;L^ protein iirt‘ usually recojnniendoti in the diet, at loast s(>in(‘ of it 
of animal orii^in. If the ri.uht proteins are iisi‘d nitro^nmons eipiilihrium 
(*an ho inaintaimMl on (a>nsidorahly less, hut a hiu[u:<n- protein ration allows a 
factor of safety should proloius of lower biological value he used, and ensures 
that ad(‘(piate amounts (»f the essemtial amino-acids which an* indispensabli* 
for l)odily welfare will he ine<«st(‘<l (cf. p. luol). A mixt‘d })rot<*in ration drawn 
from various sources pro\ i(h‘s a similar safeixuard (<*f. h'i^. oii*)). 

Nitrogen can iudy he r<*tain(‘d in tin* body as prc»t(*in, and tin*!) only in 
the followinji cireumsiaiices : (i) durinji jirowth ; (ii) after recovery from 

wasting diseases. In the case (d‘a ln*althy, W(‘ll-h*d. fully ^rown man, incr(*ased 
in<j:esti<ui <»f pr(»l(‘in merely n‘sults in increased nitn^jieinms (‘xcretion (/.c. 
X'halaina* is maintained) ; however, some animals (c.//. the cat) may <louhle 
their muscle ludk on a hi^h ]>rot»*in dit*t. 


TIIF STUDY OK (^KLL MKTAHOIdSM 

The Problems. Ifi the study of the detailed metabolic processes of 
livine oriranisms. thn'c main pnd»l(*nis arise : 

(1) To identify the usual nutrients and metabolites reejuired by t h<‘ 
syst<*m, be it whole animal or single cell. 

(*2) To in\(‘stignite tin* pathways by which metabolites (or compounds 
ffU’ei^n to the systems) are incorporated, utilized and dissimilat(‘d by tin* c(*lls. 

(3) To elucidate the function of s|»ecific cells, especially in relation to the 
re(juirements and functions of the tritoir nrf/fDtishi. 

The two experimental variables are tin* organism (or or^an, cell, or 
enzyme) and its metabolite (or substrate) : we (‘an study (‘ither ((/) normal 
systems suppli(*d with metabolites unusual in type or <juantity, or {h) abnormal 
systems supplietl with usual nn*tabolites. Tin* many diff(*rent t(*chnitjues 
bas(*d on tln*s(* varial)h*s are d(*scrib(‘d b(‘low, witli indications of tln*ir 
a|i|)licalnlity to the solution (»f the thr(*e main problems of m(‘tabf)lism. 

Experimental Techniques, (i) To identify the indisjiensibh* meta¬ 
bolites and acc(*ssory factors n*(pjired by a system, an /on/c/-;/’m//yn/ techni(|ue 
is employ<*d, with a basal diet supph»mented as d(‘sired (r.f/. inv(‘sti‘irati()ns 
on (‘ssential amino-a.cids, pp. JSSI, ; vitamins, p. lOlit). This is usually 
the o?dy approach to Probh*m 1, 

(ii) The (*xcn*ta or tissu(*s of a whole animal are examitu'd chemically for 
j»ossible intermediates and (*nd-j)roducls d(*riv(*d from an initial nn^tubolite, X. 
Intermediates may be more n*adily recognized aft(*r the administration of 
unusually lar;^(* dos(*s of X (the techni(pi(*), c.//. the f(*edin^ of 

lar^e amounts of creatine followed by rneasureni(*nt of tin* urinary output 
of (.T(*atine and creatinine (p. 8!t4). Unfortunat(*ly, tin* administration of 
sucli lar^(* dos(*s may cattse unusual side-products to a|)p(*ar which may be 
niistak(*n for tin* normal intermediates. For exa.m]>le, in^(*sti()n })y a normal 
animal of large amounts of fatty acids caus(»s acetoa.(aitic acid to a[)]>ea.r in 
the urine (ketosis), but this do(*s not nn*an that acetoacetic acid is a normal 
hvferwrdtafe of fatty acid oxidation (p. H7J). Hus])ect(*(l int(*rmediates must 
b(* administer(*d separately to see if th(*y yield the same final products as X, 
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;iti(l ;it cnmjKiiMI)|<‘ i;ilrs. 'This \v;is tn?'mt*rly <1 f';ivoiiril<■ |»|)n>M( li 

t<» ]^r()f)N*m li hnl is now nsimlly sii(M*rs<*<l<Mi hv (iv) Ix'low. 

(iii) A ni(‘t;il)olit(* is n*j)ljnH‘(l in tin* nornnil syst(*ni hy ii rhniuntlhf 

iinn/iji('(/ f‘orm. wliosn int(‘rnn*(!iMtr nnd tinnl nn‘t:il)oli(* products (‘.in lx* more 
rendily n‘coi!ni/ed. Sticli modiliention inny invoke nddinii’ eln‘niiejd jironps 
jmn*n;il)le lo nmdysis, oi* nddin^ sljihilizin^ groups wliieli arrest (•oiii])lete 
l)i-e;ikdowiL For (‘xample, the lirst evideiwe for the hicakdown offattv aeids 
hy the st(‘pwise leinoval of 2 F miils (p. S71) eann* IVoni the administration 
to dons of phenyl-snhstit iited fatty aeids, ' aeids wln're 

it was an e\'«*n nnmlier ('ansed an inereasr* in urinary hetizoie aeid, ( 

Init where it was an o<ld niimher then* was exer(*ti(»n of plieiiylae<‘tie aeid, 
There is, howevrr, serious ohjeetioii lo this teehniipie, 
since even a very minor ehemir'al moditiealion of a nietal>olit(' may com 
pleTely alter its fate ill the oriianism. and mav <‘ause deraniiemeiits in relat<*d 
metaliolic- svstems. 

(iv) Tile use ol‘/.s-o/ope.s-as atomic ‘ labels" which can be followed throimh- 
out their metabolic wanderings has brilliantly o\'ercome the objection t<» 
«'heniical modification mentioned in (iii), since isotopically labelh*d ]netabolit<*s 
ai'e treated in (*\actly the saim* way as tin* usual, unlabelled melabolit<*s. 
Further, labelled metabolites can be administered in amounts so small as to 
cause no chanee in the systems (contrast (ii)). This tracine techniijiK* is 
discuss<‘tl in <lelail on pp. IKK) S. 

(v) The fate of the usual metabolites in whoh* animals with patln)JojL!;ica,l 
(usually iidieriled) tlt raitt/rmcitls ttf titclulntltsm is stmli(‘d (<’, 7 . tyrosim* in the 
(‘omlitioii of alcaptiuiuria, p, SbO). 'Phis is a classical use of an abnormal 
system to eive iidormation about Frobl(‘m 2 , 

Ol’ Liieater \alue for biochemical studi<‘s than these* “inborn (‘ri'ors of 
nK*tabolism " are* the* artifie-ially ineluea'el mutations of lowe*r e)r^ninisms 
(bae-te'iia, moulels, e*l.e*.) <*ause*d bv irraeliatiem with X rays ; the*s(* mutants 
can be* re*aelily ise)hit(*el ami LoeAvn, ami may show “ b]oe*ka.i»e‘ at e)ne' m* 
meu’e* ste*ps e>l’ an\' e)f the'ir im‘tabolie se*tjUe‘nces ; by the* trial ane.l-e*rre)r 
lee'dine eef peessible* interme*eliate*s, the* site* e»f the* block ami the* se'ejueliee of 
the* inte*iim‘eliale*s e*an be* feeuuel. 

(\i) An animal is sttifficdlh/ irrnh'd lee re*me>ve‘ or In-pass a particular 
enean or t issue*, a ml analvse*s are* maele eeii the l)le>e)el, urine*. e*te‘., ed the* [)re*para- 
tie)n, tee eiletain inidi'inatieen abeuit the* me*tabe)Iie‘ lole e)t that e)r*;aii e)r tissue* 
(c.//. he‘pate*e*leun\' or the* establishment e>f an Pjck s fistula t.o show the* part 
plave*el b\- the* live*!' in nitre)^(*neuis me*tabe)lism (p. SSli) ; pancreate*e*tomy lo 
sinew the* inllue*nee* eef insulin e>n »»luce)se* metabeelism ([). bOD). Sucli abneermal 
s\’ste*ms may alsee arise* threeuirh e*ircumstance*s other than surgical treatment, 
r.tf. a eliabe*tie* eeuielitiem may arise spemtaneeeusly, eer by deesinn with dnufs 
{r.t/. alleexan, p. IHO). A [eartial answer is thus pre)vieie*el about the reMe e>f 
spe*e*i(ie* e*e*Ils eef the* e)r»j:aiiisni (i’re)b]e*m *5), (but se*e* (vii) beleew). 

(vii) Isolfift'tl ami itrrftfsfd Drtftnts are* maiiitaine'd uneh*r “ physiejlej^ical 
e*emelit.iems (/.c. uneJe*r e'onelitieens whie*h may re*ase)nably be exj)e*ct(‘el to obtain 
in the* whe)le, unmolesteel animal) anel tre*a.teel with suitable* metabolites 
(c.e/. the use of adrenal ^dands perfuse‘el with ste*rolel solutiojis to stueJy the* 
fe)rmatiem e»f aelre*nal eent ieaueis, p. ^bUi). This technie|ue calls fe)r ce)iisiderable 
surnie*al skill, anel is unsuite*el to micre)- en- nndtipU?'e*xperiiuents. It has 
be*e‘n lar^(*ly r(‘p]ace*el l)y t he use* of ^/.s.s//c slices, which aiijeareiitly coutinue to 
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fuiirtioii lor ii liinitiMl lime in a inaniior c*losi‘ly rcsoinhliii^ tlu*, whole tissue 
(r. 7 , the sv?ithesis hv iivt'r slices oreholeslerol t'roin acetate (p. Although 

it is generally assmned (with justitication iii many cases) that results from 
tissiu' slices liohi ^'ood h)!' the whole tissiu' under similar conditious, it Jiiust 
he (MJiphasised that tin* nuUahnlism of an isolat'd orjuan is not necessarily 
the same as that of the oruan iii the intact body (<*onsider, for exainpli*, the 
ditliculties of interpretinu tin' metaholism ol'a normal ’ ('visc(‘rat('d ])rej)ara- 
tioj) (p. IMI). It is Jincertain tt) what extent it is justiliahh' to e<piate the 
nn'taholism of a compound admiidstered from (mtsidr tin* c(‘ll with that of 
the same compound produced as an int(‘rmediate frIfJilit tin' systems of t he cell. 

(viii) Knzvmc siMpiences are invt'stipited usin^ linely niincc'd lissur 
which contain some or all of the (mzynu's of the orijfinal hut no 
ortiaiii/ed cell strucTurcs (c.//. investigations on the citric acid cycle usiim 
liv(‘r honioLienates t(> which the usual metaholites an* added, p. Sol). 

(Amclusions i‘nun the honioacnatt' tt'chnicpie are «»pt‘n to the object ion 
that they are like detaih'd plans of a house <lrawn up soh‘ly from the pattern 
of bricks found after the house has het'ii bombed. Nf'Vcrt ln*h'ss much of the 
knowh'dtie of iinlividual intraci'llular enzymes has bt'cn ^nithered in this wav : 
in tin' absence of indi<‘ations to the contrary it is assunn'd that the normal 
processes of synthesis and tlissimilation that occur within tin* ct'lls of an 
organism are the sann' as those proc(‘ss(‘s found in homogenates of those cells. 

The Investigations. For any particular nuirit'nt <»r fac'tor (found bv (i), 
atnl [Jt'eb'rably id(‘ntiti(‘d). tin' broad paths <»f comj»lete metabolism are first 
mapju'd out from work with the whole orpniism (c.//. the classic work of 
Folin on urinary prcMiucts derived froiii the N and S of administered protein. 
j». SDO). Then tliesc* paths are separat(‘d into the secpieina's and steps of 

intermediate metabolism ' by the technitpies outlined abov<'. It should 
be tin* aim to pro<luc«‘ an artificial muntslntvlvfl sf/sfrtu using only pun* nn'ta- 
ijolite, piiritied extracted enzymes and ajipropriate acc(‘ssorv factors, which 
will reproduce in /vVrothe overall result i)r particidar setpu'nces of it, implving 
a relatively coinplete knowledge j)f a j)o.ssib|e natural metadolic syst.t'in. 
Thus the (*!»tin* j)ro<*ess of the amerobic <lissimilation of glvcogen to ja<'tate 
(Fig. oot)) has been achieved at ntnt using purified, c(*ll-free enzvnn's. Hut 
it must again be stressed that the demonstration of a transfonna.tion in a 
jiarticular type of prej)a,ration canin.)t. be taken as cc'rtain evifleina' that the 
same trafisformation occurs with the wln)le ifit.act organism. Kvideiice 
from one technitpie shoidd always be confirmed by otln'r teehnicpies with 
irdiereiitly diffen'iit kinds of interference with the normal systc'rn. 

Isotopes in Metabolism Studies.' A chemical element may exist in 
several modifications called isttfitprs of that element. Isotopic atoms of a 
given element <iiffer oidy in the tnass of the atomic nucleus. They can be 
detectc'd and distinguished physically, but vtiinml hr dinUnqnifibril rhrmiculUf. 
Most natural isotofx's havf' stable atoinic mich'i (stahlr ifiolopm) and are 
detected by properties dependent on their different atomic rna.sses (c.//. 
using a ]nass-sj)ectrometer) ; the remaining isotop(‘s have unstabh*, radio¬ 
active imch'i (ritiUo-isotiiprs) and can be readily detected and distinguished 
by tlu'ir ('Uiitted I’adiations. 

' Hevesy, RmlinarJitv Im/irMor.s, X.V., lOal. Kanif'ii. Radioadivi: Tracfra in Jiiohiji/f 
\.y., lUol ; SymfKtsiutn on Imtlopi's in. Hi(tlofjy and Medicinr.., Wi.s<a)nsiu, I94<S, S(^hon- 
hciincr, Dynutnic Slule of Body Constituents^ Jiarvard, 1942. 
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Ii.niiHfilrs. NjiliiPiil rttrixni (in thr I'n-f in ;i 1 iiiosjjlnnic und in 

all its cninponinls) (“on.sisls mainly oj atoms of atomic wci^lit 1*J (written 
with a roitsfanf small proportion of a. staht* iM)|(>pc in a<l<liti(>ii. 

two ra,(lio ac‘ti\'(‘ isojopc<, "(‘*aml with diherittLi iv'pcsof j-a<liation and 

ditlcnml half-lives (/.c. t he t ime for t he fadio aetix ity to deea v to half stnmjxt h), 
can he pj-epared artilieially. H tf/lr<Kf(n , as normally found in water ajid all 
oriranic compoiiials, consists c»f‘11 and of stahh- -II (also calhal 

d(*uteriiim, I)): a radit)-acti\e 'Ml''' (tritium, T) can la* prepared artiticiallv. 
Itadio-isotopes ai<* now readily available fnllowiiiLL the discovery of tlie 
ehain-r(‘aclin^' atomic |)ile, whi<di can pro<liiee almost liniith'ss supplies oj' 
ii(<5iy 1 :n |j juaii v otln'r radio isotop«*.s of t he hinloLrieal elements. 

Stahh* isotopes must l)e obtained l>y physical 1 sejairat ion from natural materials, 
and larm* scale plant is bemi: dexelnjxal for the snppU' of dc*uterium. 
and '^O. 

I*ni.\('iI’LKs or Ti;.\( KU 'rKcuMc.u i*:. Since i>.(itopi<- atoms cannot be 
dislineiiished chemically, it is reasonable to s.upjK)se that the nu'tabolic 
pathways of compounds difierine only in their is(>tojMc composition are 
identical. Isotojies an* used as a n‘coeni/al>le " laliei or tae ” for an 
element, ion, atomic eroupinu. or whole moh‘cule. These )abe]h‘d atoms arc* 
always identifiable in a noi-nial atomic environment until they arc* dilut(‘cl 
b(‘low the sensitixiiy of dc*tc*ciine instrumc*nts. Thus abnormal isotopic 
composition can be UM‘d to trace tin* chc-inic*al histoi v of an c‘lemc*nt. usuallv 
incor[»orat(*d in a compound, (‘c'ltain assumptivuis an* made in usine isotcepi * 
tracers: [a) That isotopic atoms or compounds containing thc*m an* 
ht<t/nf/n‘alltf, as wc*li as c*h.c‘mlcally. tin/tsl/nf/tnsltahh’. This is only j>artly true*, 
since* thc*ir ciitlen*nt physical propcTlic*s (solnbilit.ic‘s, dilfnsion rales, c‘tc.) will 
intlueiicc* the rates cd tln-ir nic-tabolic rc'actioiis. l|owe\e>r, no (faahfahn^ 
diflerences aic* found, [h) 'fliat tin* utilialina from radio isotop(*s doc‘s tiot 
itsc'lf alter the* mc‘tabolic systc*ms, lbc)vidc*d only a, “ trace*!' chise* of isotope* 
is used, no siunilicant e-Hecis are founel. In traceu' e*\pe*riment.s, no dc*ran‘^c*- 
m(*nt. wha1(*ve*i‘ nc‘e*el arise* in the* normal nie'tabolie syste*ms. .\elmit tc‘dly tin* 
svst<*ms an* supplic*d with an unusual me*taln»lite* but (with the* two assump¬ 
tions nn*ntiemed a,bo\'<*) the* ditlc*re*ncc*s an* such as canne)t tlivc*it- the* normal 
m(M*hanisms (contrast !c*chnitjm*s (ii) ami (iii) em p. ‘dOl 'I'hc* amount of 

nidio'isoteipe jielministc'reel is intinitesimal, themeh it may be*, incorporated in 
a htr^er amount of ordinary malc*rial as carrie*r. 

K.xckhimKNTAJ. 1 bu)CKI>1' itKs. If tile* inctaliolism of an organic compound 
is to be* studi<*e|. it must first be svnt h(*si/c*el (<*h(*mically or biolo,i»i(\‘illy) frc.ini 
simple, isotojiically e*nrich(*cl imireanic mat.e*rial, incor|K)iatine tin* isotoju* 
at a. known, st.abh* position of the mol<*cidar structure* (^^^/. •^•’S'''-labelle*(1 
metiiionine (ji. SS2) pn*parc*d e'he*niically from ’‘(^■'''-labe*ll(‘d elueaise* 

(p. bl2) «*.\trae*le*d from plants eniwn in ^*(-*()^). The* e‘hoie*e* of isotopes is 
^e)vern(*el by : the ateun t.o be* labelleel (the*re‘ are* no suitable rc/c/eo-isot.e>pes e»f 
N or O) ; the* eluratiein c»f the e*xperiuie*nt ee»mpare‘el witli the half-life* e>f the* 
(radi())-isotope ; radiation hazards : the* dilut ion of isotope* iuNolveel in the* 
experiment (it must not lx* more* than about 10*^ with stable* isotopes, init can 
be lip to 10*^ wit h raelio-i,sotope*s). The* simultane*ous use* e»f e.listineui,shable* 
isotopes of the saint* element, e»r of twei lalH*lIeel ateiins in tin* same compound 
^ives fuller information (c.//. the stinly of multi-labe*lle*d iilycine with the 
com])osition ll.^d'HdLj.'H)||, p. SSO). 
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DOS 

Til** i‘oin|u>mi(l is tlu*n intnuiiiftMl into tin* system to lx* stiniieil. 

Its isoto|)e-eont;iinin»^f inti'rimxliate and final nietaliolie ]>ro(luets are readily 
det(‘er(‘d and id(‘nTili<Ml, and the position and amount of tlu'ir lahelhxl atoms 
ran l>e determined to sliow tli«‘ir exact relationship to the ori<^inal metabolite. 

In addition to th*‘ir usi* in tin* study (d*<‘hemieal pathways and r(*aetions, 
lalx'lh'd atoms and (*ompoimds ean be used in the followinji typ**s of 
investiirations ; 

(i) To follow tin* plnj.'iinil jiathways, jioints of a(*emnnlati*)n, and rates of 
absorption of ions, <‘)<‘nn*nts, and eomponnds (e.//. i*mie transler in e(‘lls, p. 7 ; 
absorjition of iron, |). ‘JOD ; aeeuniidation of iodidi* in tin* thyroid (p. 

(ii) To det<‘rmiin‘ volmin's and spe<*itie eompoimds by a (lihitioH teehni*jne, 
baseil on homo,Li<*n*‘ons mixinu with eln‘mi**ally i(h*ntieal non-isotopie mat**rial 
{t'.ff. n*d e<‘ll volnnn*, p. in ; body lluid spa(‘es, j*. 11). 

(iii) To id(‘ntit'\' and isolate eompcuinds on a mier’oseah* [(‘(trrirr Ivi'lntiijta ). 

IlKsri/j's OK IsoToi'ii' Tn.NCKi: Sti'diks. Many of tin* *h‘tails of the 

nn*tabolism of <*arbohydrates, fats and prot<*in.s deseribi/d in this book hav** 
been obtaiin'd, or posi(i\(*|y eontirnn**!, by isotojiie tracer I«*ehni(jin*s. Tin* 
folkiwinu an* important e\amph‘s : breakdown and syntln*sis of fatty acids 
(pp. S7n, S7.‘l) ; rat** of tissin* dissimilation of ^lin‘os** (p. ‘.H2) : t?*ansrorma 
tions of sulphiir-(’ontainim! amino-a<*ids (p. SS2) ; transnn*thylal ion n‘actions 
(p. ; ni'<*a syntln‘sis (p. SS7). 

In ?(‘C(*nt y**ars, thn*** new eonct‘pts of metabolic proe<‘ss(*s hav** b(***n 
fornin!at(*d, and it is difficult to s**** how tln‘s<* *.*one*‘pts eouM havt* *h*v**l*)pi*d 
bi‘fore tin* adv**nt of isotopic trac*‘rs : 

((f) Tin* majority of tin* components of a living syst*‘m are in a state of 
(IfftHtfuii* (^(f/flllhrlifin, i]i a stat** of balainn* betw'**<*n bn*akd<*wn an*l n*syntln*sis 
{('.(/. protein tiirnov<‘r, p. .S79 ; ionic transport, p. 7). 

(h) Tin* products d**rived from tissin* br<*akd()wn ar** cln*mieally ainl 
nn‘tabolically indistin^niishabh* fr*)ni many of tin* materials obtain***! *lir<*etlv 
from tin* **xt**rnal **nvironnn'nt, ami the classical *listinction b**tw**en «*nd*),LM*n- 
«uis (tissu**) and <*xo^en*)Us (roi)«l) metabolism disaj)|)**ars (p. S!M)). Mat.**rials 
fV*)m both s*)urc«*s an* (**jually availabh*, and (MUistitutc* ^**neral or spi*i*itic 
/KfoJs of small mol<*cules r(*|u**'sent.in" tin* maenitinh* of this availability 
(c.//. final coiiinnm metabolic pathway, p. Sb;} ; aniin*)-aci*l p*)ol, p. 880; 
uric acid jio*)l, p. 8!)S), 

(c) The comph*x niatt*rials *)f a livin*^ system an* built from tin* small, 
sitenfic picrnrsor hioIcckIcs of tin* metabolic pools (c.*/. puriin*s from ^^Iveim*, 
|). 81)7 ; choIest(*rol fnun a*n*tate, j). 71)1) : a.*ln*naline from tyrosine and 
methionine, p. 721); cr(‘atiin* from .irlycine, ar^nnine, and methioniin*, p. 8l);5). 

Kadio-isotop**s an* also us**d t/if^m/K’tfficallf/ • as sourc<*s of radiation 
which will lx* localized within t in* Ixuly (c.//. for tin* tr**atnn*nt of thvro- 
toxicosis, ]). 1)1)7 ; for polycytln*mia, p. lf)8), 

' JjOW' P*i*‘r, ('Umcfil f7.vr.v of lindifmrJln- /.solopt's, Illinois. inbO. Itnhcrts, Arrhirrs 
MiddlcHt'x Ifospitnl, ID.bl, /, 'JID. 
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THE DUCTLESS GLANDS REGULATING METABOLISM' 

Tin* (liictlcss glands in lx* ronsidritMi in tliis siM-tinii an* : 

(I) ISLKTS OK JjANOKHHANS. 

("1) Antehiok PiTOrJ AKV : tJn^ liornnums (•<uic<‘riu‘d with Loowtli 
and met a holism. (Tin* liormoims n‘imlaling n'prodiict ivn ar-tivit ios 
an* discussed on p. 1083, 1113. 'I'hc- ))ost(‘ri(H' pituiiary (n<*un)> 
hypophysis) is dealt with on p. II). 

(3) Adrenal (Virtex. 

(4) Thyroid. 

(O) l*ARA'rH VROID. 

(()) TjiVA irs : very little is known about tin* thymus and it is discussed 
hen* for (*onv(‘nii*iu*e. 

ISLKTS OF LANtiFPIIANS. TNSOLLN. DIABFTKS MELUTTS.-' 

Islets of Langerhans.*^ Scattered hetwe^ui the ordinary alveoli of the 
pancreas an* small (‘luinpsof epitlieljal c(*J]s whicli are fn*(* from duets, and 
an* sii|>j)li(‘d hy large eonvolute<I capillary vessels (Fig. 57!t). Thes(^ tslrfs 
of Laii(fcrlffnis contain two kinds of cells ilisfiiiguishahie ]>y tin* (‘haracier 
of th(‘ir^rmnd<‘s, which can lx* d(*monstrated hy intravitam staining with 
neutraPr(*d : /j^g raiiules which are iix( *d ill idcoholic* solution ; /> granuh*s 
whicli-wato .solutions. Tin* nerve supj>ly of the islT'ts TsTTom 
the vagus (|>. D17). 

The islets (pruhahly tin* /> cells) secrete the hormone iHsulln. The evidence 
is as follows : 

(i) Ej'cisioH of the jniHcmfs caus(*s a seven* and ra]»idly fatal condition 
c|(.)S(*ly r(*send)ling tin* dis(*as(* diahet(*s nn*llitus which oecur*^ in man. 'the 
o])eration can he carried out in two stages : (a) tin* greater part o1 tin* gland 
is removi*d and a part of the tail is transplant(‘d und(*r tin* skin. No glycosuria 
develops, and ra])id recovery occurs (as the jaincreatic remnant can iorm 
enough insulin to maintain ln*alth). (h) Tin* transplant is remoV(*d later hy 
a simple skin incision. Jn a few Innirs the urine contains o |()'\, of glucose, 
and tin* animal usually di(*s in coma within thri*e we(*ks. 

(ii) If the ptDicmific dorfs are Ji(j(itvd or blocked, the externally s(*creting 
tissue disapj)(*ars, and tin* ])ancr(‘as is converU'd into a thin strip oi conn(*ctive 
tissue which still contains the islets, (’arhohydratc* metabolism at this 

* S('lyc, Tvxi hook of EntiocriHotofjy, Ada Fii(lorrinoU»gira, Mentrral, i’lal eiui. lltlO. 
Diriciis Mini Thimaini, The Hormones, X.V., vol. /, 1918; vel. JitaO. 

" Soskiii and Dt'viiif, <.'arhoht/(/rafe Metaholism, 1!MU. Pders and Van Slyke, 

{^nanlitafire i'Hnieal (^hemlsfrif, Jnterfirelntions, vnj. /, jit. i, 2nd. edii., 1048. lliinsworth, 
Laneet, I!K{n, ii, I et seq. 

« doinori, hnll. A.)'. Arad. MnL, 101."). Jt, 00. 

!)0i) 
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stii^c is normal, lo'inoval of this strip, lio\v(‘Vt‘r‘, l(‘a(is to tin* (lt‘veio])ni(*nt 
of int<‘nsf dial)(*t(‘s nn'llitus. 

(iii) Tlio adniinistiation of nZ/rur/n ^ to animals spocitically poisons and 
destroys tin' /> cells of tlie ish‘ts of Laivsicrlians and produces symptoms of 
diabetes mellitus. 

(iv) 'Idle activ e pi iiiciple insitUn can he e\t rai led rr(»m the. [lancroas 
and also IVom pure islet tissue. 

(v) In (7//oVi// (iialn'tes mc-Hitus, l«>ions of the // cells of tin* isl(‘t.s are 
sometimes i'ouiid. Imi not leimlarly. TIm* sianilicance of tln‘.se results is 
considered on p. 

I'unrtinh uf a Crljsr 'Fheii ruiieiioii i> mdxUnwii. A hloud glucose raisin;^^ 



Pjo. Si r ijrhjn* nf Human I'aneit-a.s sliowinu 1 ntilrast l»et\veeii J.sld ej 

Iaii)]L,a rlians aiul sunonmlin^ .\( imais'I’i.ssiu* i . ITU). (Maxiirntu ami 
hldom, 'I'eji lUutk (tj \\. It. Saumliu-s vV ('<».) 


sul).stanee, wliicli is alleuiu! to he deriveil tVom the n cells, has heen (‘xtraeted 
troin the pancreas. This so-called hi/ifrrffif/raimd d<frnt is Jdund in minute 
amounts associated with iu.-ulin pn‘parations. 'riie jihysioloeical role, ifanv, 
of this aeent, requires 1‘url.her st udy (cf. p. 'JlS, foot note I). 

Insulin.'' insulin, the internal .s(‘er<*tion of the islets, is a. soluh ie ju 'otein, 
vvitli a molecular weieht in solution of iS.ooo ; it has heen nailateil iiTpure 
crystalline form and considei.ahle progress has heen made with determining 
the arran,i»einenl of tin; amino-acids ahuiii the ja-ptide chains. It. is (I(‘.stroy(*d 
hy proteolytic en/ymes in the howel ami therefore has always ‘ to Ik* 
adniihistered pan'iiterally, usually liy sulM-utaneiuis injection. Like all the 
hormones which regulate met.d>oIism, insulin prohahly acts on certain of the 
-^fo ^s ue enzyim‘s which inlliieiiee chemical transformations. 

Action of Insulin. (iim*ose. diiluses rea,dilv throuifh the eapilhiry 

' Liikeus, l*hffx'inl. Ht r.. lUiS, :/,V, ,*{0|. 

l{rii( li, Air/i. int. Mill.. liC»U, S(i, -tl'T. ,/. r//7/. EniltMrin., lUoO, 10, aaU. 

Jenst'ii, in 'Ihr IhniiKiHPs, \ IlM-S, /, .‘{n|. 
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and r<‘ll nicnihranrs and is llins distril)iit(‘d fairlv iinii'ornily 
ttio body fluids, both (‘xtrac(‘llular (infliidin;^ tlu* ))luod) and 
intra(*(‘l]ular. Jt should b<^ oinphasiztMl that tho blood ^diicosi^ Irvrl is an 
fi])j)roxiniat(‘ fj^uidc* to the concentration of' <rliKM»s(‘ in the body flui<ls. 'Phe 
total bodydliii<l {iliicosc. c(uitcni obviously d(‘|)cnds on the iat<‘ at wliich 
glucose* enters and heaves these fluids. Insulin d(»ereuses t he glucose eon- 
eent ration m the body Hu ids (and thus lowers the l)I(»o(l glueose level) lM*eause 

(i) it inen'ases tlie witiidrawal of glucose IVoin these Iluids, and (ii) it decreases 
the rate of'addition of glucose t-o these fluids. 

(1) liisulin ivetrases the vlthdraical of f/iac(tse fnun the bodv Iluids in 
three ways : 

(1) It incr(’ases tin* (h‘|K)sition (d* glycogen in tin* liver atid in the ]nus(‘les 
(and ]a‘rha.|)s also in f»ther tissu<*s). 

(ii) Jt increas(‘s th(‘ rate of coin|)hd(‘ dissimilation (oxidation) of glucose 
t.o FO.j in th(‘ tissues. 

(iii) It increases the rate (d‘conv(‘rsion of glucos»‘ in the liver into fatty 
acids. It also facilitates tlu' deposition of fat {lifxnjenefiis) in adi)n)se tissue 
from glucos('. 

(2) It decreases the rate </f addition <}ff/iar<fse to the body tliiids in two ways : 

(i) It depn'ss(‘s neoglucogeiiesis (new glucose formation from tin* mm- 
nitrogenous n‘sidu(‘s of aininu-acids.) 

(ii) It may perhaps de[)ress the rat(‘ of conversion of livin' glycogim into 
glucose. 

Methods ok S'ii dy. The action of insulin can b(‘ studied on many 
preparations and in many ways : 

(i) In tin* whole animal, either normal or d(‘pancreatiz(‘d or siibjirtial to 
other operative |)rocedures. 

(ii) In tlie evise(*rate preparation. By evisc(‘ration is nu‘ant removal of 
the liver, kidiu'vs and intestine ; under these i-onditions there is no absorjdion 
of monosaccharides from the intestine and none I'an ]>e lost in the urine. 
Tile liver, whi(*h is the prime regulator of the blood glucosi* level is (‘xcluded. 
(If the brain is removeil as well, cmivulsions due to hy]»oglyi-;eniia (p. *.»lb) 
ai’e prevented). Tiu' prejiaration tlius consists essentially of a circulation, 
artificially ventilated lungs, and muscles. If tin* itaaereas ts left nttart^ the 
pn‘j)aration is called (by an illuminating convimtion) " normal " ; if the 
'pancreas also is removed, the |>re})aration is desi-ribed as depaiuTi'ati/ed or 
‘‘ diabet ic ". 

iSoskiii has used this preparation to determine the rati* of what in* calls 
glucose “utilization ', i.e. the amount of glucosi* which is withdrawn from 
the body fluids ami eith(*r comph'tely dissimilated (oxi<Iizt‘d) to or trans¬ 
formed into other substances, but excluding the glucosr* which is converted 
into glycogtm, otlnu' li(*xoses or laidic acid. 

(iiij Un j>erfused isolated organs and tissm* slict‘s. 

The use of isotopically labelleil substances in any ol the above pieparations 
greatly simplifies the interpretation of tin*, results. 

Some of th(‘ actions of insulin are con.siihued below in greater didail. 

1. Effect of Insulin on Rate of Glycogen Deposition. (1) tJlycogen 
can be formed from glucose by isolated tissues (c.//. muscle in vitro) in the 
absence of insulin if the apjiroju'iati* enzyme systems are present. I’ho rate 
of glycogiMi formation increases as the <*oncentralion of glucose in the nu'dium 
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is iiKMCiisinl, Tims ,‘>80, Idwti- <-iirvt* (insulin al)si‘nt), shows lluit vvIkuj 
tlir ^lucoso (■«)mM‘nlniti(>n in thr nuMliuin was incn^iistMl {Voni 1(H) to 100 inii 
tfn^ ainount of ^ly(a)m‘n fornuMi hy tin* imisrh* rost' from loO to .‘ioO rn^. 100 
Similarly in I In* intart animal, thr ratr of aiycoi>on iloposition in tin* musch's 
and in tlir liver is din'etly related 1»» tln‘ blood yineose |(‘V(‘l. 

(ti) Ih rifnt, the ttddlflon of Insulin to the nualinm inci’east's t)u‘ rale of 
lilveo^cn de|K»sition, jiartienlarh’ wlnm the u,lneose coneeiitlatioii in tin* 
medium is within physiological limits. A eomparison «)f the low(‘r and uj)per 
curves in Fig. bSO shows that when the glucose conecntratioii in the m<*<liuni 
was loo mg I he addition of insulin incr<‘ased the rate of glycog(“n deposition 
about thrt'cfold. 

(‘1) Similar results are obtaiin*d In rlro./ n/. in eviseerati* prejta rat i<»ns bot h 
«iepancr‘eatized and “ normal 

■J. Effect of Insulin on Rate of Glucose Dissimilation and “ Utiliza¬ 
tion (1) StI'DIKS ok 

(Im'cosk rrimzATioN.” 
The r;it(‘ of glucose " utiliza¬ 
tion *' (ill Soskin’s s(*nse. p. Dll) 
is directly relateil to tin* blood 
gliicoM* lev<*l. Ill the ■■ normal ’ 
eviscerate prt'paration an in- 
cr(‘a.se in the blood glueose 
level (within certain limits) 
increases tin* rate oj' glucose 
■■ utilization In tin* depan- 
cr('aliz(*d preparati(Ui a similar 
relationship holds good, but 
the rateorglucose '’utilization*' 
at any given blood glucose 
h'vel is considerably lower than 
in the '■ normal " pr(‘paralion. 
Th(*s«* lindings an* illustrated 
two curves in Fig. b8l. 
“ inuinal ’ preparation 
|(M) mg. in the depan- 
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oSO, -Influeiier ol (iliico.'sc ('<»n<*eu1ratinii 
on I)e|>(isititm i>r (,ily‘''».ir*‘n in Musclr tral 
(lin|)lir-‘igni) III rlh'fK in llw l*?('si>ii<‘e nr 
.Miscncc of Insulin. ^S^l•^kin i/ al., 

Prnr. Stir. vxp. liinf. Mn!,, lUtl, Ifi, ttUO.) 

by tin 

Thus at a blooil glucose le\el (»f |()il mg the 
" utilized " •ioOnig. kg. hour com[)ared with onl\- 


cn'atized preparation. Tln*se observations show that insulin iinu’eases tin* 
" utilization ' oi'glucose bv tin* tissues. 

('!) STfiUK.s OK (Jiacosi.: 1 )issi.mil.\tio.n.'‘^ (Jlucose containing "(T'' is 
inj<‘cted into ;in animal, and tin* concent rat ion in tin* blooil glucose and 
in the (’0^, of tin* expired air is determined. From these data and the volume 
of total body water the amount of glucosi^ which has been conijiletelv dis- 
similated (lixidized) to ('()., in a given time can be dct(*rmined. Such studii's 
priA'c that glucose can st ill be coniph*te|y dissitnilatcfl in the absi'iice of insulin. 
The dejiressant etb*c| <il insulin lack on the rate of glucosi^ di.ssimilation \^ari(*s 
with the species. Thus in the rat made dialn*tic with jihloridzin the rati* of 
glucose utilization is of the normal. In t he (‘oniph‘telv dejiaticreatizoil 
dog, however, tin* rate falls to 4()'’„ of normal. It should la* remembi‘red that 
‘ W'licri " utilization ” is written tliu.< tin invertcfl connnas) it i.s Ijcing ii.wd in Snskin's 


- (’liaikoft ft/ «/., ./. hhiL ('Inni., UloU, JM\ ."iTJ ; lU.")!, /A’lS, HIm. 
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tlu^so (liahotic animals arc ma,rl\<Mlly liyporjrlyca'mic and that thoir liijjjh 
.irliicost* lovol (•()jnj)onsat(‘s in part for tin* al»s<*nr*o of insulin, hv dim/lK' 
inci'pasinjLi' tho rate* of ^lucosr dissimilation. Tin* injection of insulin into tlu'sc 
animals ijicn*asi‘(i tin* rate* of olucosc dissimilation in spite* of tin* fact that tin* 
hlood lilucose* 1<‘V<>1 was simultaneously n*du(*ed. Tin* (‘fVect of insulin lack 
and f>f tin* hlood ^hicosc* level on the rate of trlueose dissimilation in man has 
in»t yet lM‘en e*xamiin*d hy tiiiec*!* nn*thods. 

‘j. Sri’hrKs ok (’o.wkksion ok (»nr(*(>sKTo Fa'i tv Acids in 'i mk Li\ ki;. - 
»^tudi<*s on li\(*r slie(*s usine trae«*r nn‘thods (' *(’*'■ Ldueose) have shown that in 
normal animals on a. hiiih earhohydrate* die‘t tin* livi‘i rapielly converts glucose 
into lone (• ha in (ally acids, in the main acids eon la i nine ItJ (u* [S ca I'hon at tuns. 
11 insulin is ad(h*d to the medium the /ate n|‘ iliis eon\'ersion is furthe*/' 
inei'c'ased. II liver slii-es ireun diahetie animals art* uscmI, it is fmnnl that 

((»vvine to tin* ahst'iiet* of _ 

contained insulin), eiiieosc 

can lit) lon_Ln*r lx*, converted 15 6^^“ ’ 

into fail V ai’itls. 

I. S'l’l'DIKS <c\ Lll'O 
CKNKSIS. Ill the dialx‘lie. ^^400 - 
the dt‘position of fat (in ^-^300 - y 

adipost* tissue*) (Vom dit*tary § __ 

elucosc is dt*j)resst*d. Thu'^ ^ ^ 

in the normal rat on a dailv lOO - 

elucost* intake* of lo e.. o e. 

was conV(*rt(*d daily into (at : q 200 400 600 eoo looc 

in the* dialx’tic rat tin* blood glucose level emg. per 100 c.c.) 

nill..uil( (il'-!lnco,S(. foiivit.-d .j., .. lllon,| S.ijrar 

into fat was re*dlic<*d to Oin*- Pevd nncl Kate of ttliierrse* “ riili/atio/i " ia 

tW('nti(‘th of imrnial.' II I'iVisieM-ate I’reparalions in ‘ Normal ami 

insulin is injcHcd .lin-ctlv |.a|«M,-.-.aii7.(sl 1),^ 

into a<lij>os(* tissue tin* local 
deposit ion of fat is increase’d. 

h. JS'I’Cdik.s on .NKOI:m'C(m!k.nksis. I he* eviel(*nce‘ that insulin'tnliihils 

ln*patic ncoulucoecne'sis is i:i\'en on pp. «^o7 c/ ,«//,. tfl I. 

Relation of Insulin to Tissue Enzyme Systems and to other 
Hormones. Ih*(‘ore* jilueaise* can *' e‘nter tin* nn*tal»olii' machinery ol the* 
e*e‘ll *' it must first he "phosph.»rylateHl hy ATP (adcneisiiie triphosj/hate) in 
the* pre‘se*nce* of tin* e’nzynie* he*xokinase' (e> (e»rm i^lucose* li j)hos))hate* , 
suhse*(pie‘nlIV the* he*xos<* is e*ithe*r huilt up inte» olvcoeen or dissimilated 
(p. .S11). In the ahsence e/f insulin the* initial phosphorylation ivaction does 
not proc<H*d at the normal rate*. Se*\’eral atte*inpts have* he*e‘n made* to (*xplain 
how insulin j)remie)t(*s the j/liosphorylat.ion e»f ^duce/se. 

(i) .Vcceu-din.u to (\)ri, in.sulin acts indirectly e>n the* 

He cemcluele*s from exp(*rimenls on tissue* /‘xtracts that ■; 

inhihited hv ante*rior pituitarv and adre*iud ce>r(e'x^ lu/nnoim^^ 

tin* cells. Insulin (accordin^r to . on) | 

has no dir(*ct iiction' on hexokimi.se hut it annuls the inhihitory action of the j 

<)jiiJ:-.diiinione*s r thiis rele^e^Ju^xokinase wnudi caiLi^celenitc; the*^;^ 

p h os p 1 n) r\’h 11 i e in <_>j h] < ‘i>* • 

' I Sle‘l1eai, liWi’hf rioffrf'>.s IlonnoHt AV-^rre/v A, HUU, /. IS;K 


BLOOD GLUCOSE LEVEL (mg. per 100 c.c.) 

5.SI, Ke-latioiiship l>f>1\ve‘i‘M Kloeal Sa^mr 
Level aiicl Kate- rrf tJIaeeese* “ I’l ili/atio/i " in 
l'ivisi<‘rate I’n'paraliniis in “ Normal’' anel 
I X-panerea1i7.('(i l)«t.iis. (Setskiii ami Levine-, 
.\fnrr. .1. Phuxloi.. Iu:i7, 120, Tlil.) 
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^ (ii) Iliil sliidios (HI pmiru'd lM*\(»kinasH pn'pjindions usiiiji pun* .‘Ulterior 
pituitary lioriuoncs, pure adriuial rorticoids. juid insulin have not conlirnu'd 
Cori’s ol)s(*rv;itions wliicli \v(‘n' ni;ide on crudin* mat (‘rials. TIhu’c is tlius no 
d(M*isive (‘videncc at |)r(‘S(‘n( lliat ;my of these liorniones itifliu'nec* tin* hexo- 
u kinas(‘ sysleni. Jt is ju’oh.ihh* that these hornioiK's act on tin* eoin])l(‘X 
enzyme systems whieli eontnil tin* reaction 

l^ree (J lneos(‘ >> He.\os(* ph((Sph.‘Ue 

but the previse (‘nzynn* whieli th(‘y act on is .as yet undetermined. Insulin 
promoles tins reuetinn : the nnit'rinr pituitunf uml fu/renal nnie.v hunnones 
block it. Jn tlie normal .aniinal i1k‘ actions of insidin .and its anl:ia«)nists ar(‘ 
(‘orre(‘tly boUtneed. An (‘Nc(‘ss or a d(‘ficit of either eroup of hormones disturbs 
tli(‘ rat(‘ at which th(‘ phosphorylation of iilucose proc(‘cds. 'I’hus .lack, oi’ 
insulin d(‘cr(‘ases tin* rate (d‘ eliieose uptaka* by the cells; (‘X(a‘ss of insulin 
has the r(‘\(‘rse ('{Tect. Of anterior pif hitary or adr(‘nal cort(*x 

V hormones has the saim* (‘fle(‘t as lack (d’insulin. 

(iii) Insulin produc(‘s its char,act(‘ristic (diects in tin' hypophys(.‘ctomiz(‘d 
or adnai.aha'loniizt'd .animal : in fact umha-tlu'se condit ions insulin S(‘nsitivity 
is nmrk(*dly enhanc»‘d (p. 'rhes(‘ ob.scr\ .at i(ms demonstr.ate that insulin 

does md .act solely by nio(lilyine the action (d‘olh(‘r hornMUi(‘s. 

(i\) Insulin in(lu(*nc(‘s oth(*r r(‘actions b(‘si(h‘s the j»hosphorylation ol' 
^ducose ; its (huailed niodt* of .a(!tion is unknown. Thus, as ;dr(‘ady stated, 
it inhibits Ju'patic neo^ducoe(a)(*sis ;md proimdes lipoa(aii‘sis. Tin* lbrm(‘r 
fiction is antaeonized by .anterior pit nit.ary and .adiaai.al coi*t(‘x hormones. 

Action of Insulin in the Intact Animal or Man. (1) Ily ia)(;i.V('.i-;Mi.\. 

- As a tiormal anini.al is not in need (d* extra insulin th(‘ r(*sult (d‘tln^ insulin 
inj(M.‘tion is .a pathological ////yycrinsulinaani.a. Th«‘ outstanding elTect. of 
insulin is to r(‘du(.a‘ th(‘ iilu(;ose c(»nt(*nt of the body Iluids ; th(‘re is conse¬ 
quently a r.apid fall (d' th(‘ blood eluense (hi/pot/hfcainiu). TJhe s ympt oms 
of hy])0<ilyc}eniia an* .almost entirely nd'erai)!^' to chanu(‘s in iTn‘ (amtral 
neryous syst(an/b(^ ^u is(» jdicidntiny blood e|u( (».''(• is the sole soliria* of energy 
of ili(‘ brain; a fall of blood" eJii cose (T(*i’.a necs ce]-c))ral acfT\lty. lfN'j>o- 
elTca'ini.i IS aliarniful and danecrous .-t.ate ; the body reacts to it in a manner 
which tends to restore tlie blood ejncosc lc\cl to normal. Tin* (‘IVects of insulin 
inj(‘ction in the nminal anitn.al are theri‘ldre the alecbiaie sum (d’ (i) th(‘ 
ihrect action (d’ insulin and (ii) the mutpt nsutoi ff reactions whicJi occair to 
oyerccune tin* hypo^dycaania. 

(2) (Tm sks oi- ixsTLix ilYiaHU.vc.KMiA. The fall <d* blood sujiiar is 
due (i) to increased withdrawal (d’ ^lucose IVom th(‘ body Iluids to form 
glycogen, fatty acids, and fat, .and (ii) to decr(‘as(‘d How of eiucose into the 
body Huids. In the normal animal whejj then* is a simple withdrawal of 
glucose from tlie body iluids, ejf. in e.\erci.s(‘, no significant hypoglycaemia 
occurs even in the fasting state becausi* a compensatory increased inllow 
ol glucose takes jdace. 'fhe liv(*r is the si1(‘ of this r(‘action ; it converts 
glycogen ston's into blood glucose and forms new glucose from atnino-acid 
residues. Jnsulin inhdnts these react ions of the lieer and so the hyjioglycaunia 
is initially progressiva*. 

(l^) Kkcovkuy KHoAi TiiK JIvi*()onv(VKMi.\.- Ill tin* intact animal the 
'iy]>oglycauni.*i sets up .a. seri(‘.s of com|>Iex reactions which gradually rcston^ 
ihe blood glucose l(*\el to normal. The main reactions arc fis follows : 

(i) Th(.‘ hyjiothalamus is stimulated causing imucased s(‘cr(‘tion of 
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!)lo 

bonnoims whiOi tin* action ui' insulin on the livrn- and tissues; 

tlicre is cvidcnc.* for exaniplc tliat the secretion of A(TM is increased whicli in < i 
turn leads to a dischare-fM)!'adrenal corticoids. 

\ (ii) 'riiere is increased sympathetic activity and increased secretion of 
adnmaline ; c.onvcnsion (»f liver elyeoeen to ^lucos<‘ is tliiis accelerated. 

As the (M)ncentration of insulin decreases and that of its antagonists 
inenatses the withdrawal (d ^^lucosf* from the Ixjdv iliiids falls and the. inflow 
of new elncf)se ris<\s : ultimately the normal hlood ejacose le\'e| is n*stored. 

Tin* im[)ortance of the roh‘ of hrer in tlie (.aimpensatory reactions can easily 
he demonstrated, in tin* liverless animal, the hlood L^iucosi* is lowered hy 
insulin hut nnrr ncoecr.s*; if insulin is injected into an animal in which the 
liver has been partially extirpated or damaged, recovery of the hlood oiucose 
is delav(‘d and is not c<mij)lete (Ki.u. oS‘2). 



a.m. p.m. a.m. pm 

Ki(i. ,'>82. - Action ot Insulin «ni Ulood (Jlncosc Im Ioic .nnl atlcr Paitial llcpalcctoniv in 
llic l)oL^. (After .Mann >1 (fl., AtHcr. J. i*ln/sinl., IK).) 

OnlitiJin? ; niuoil ill ini'. lOMc.i-, 

Al»sris,sji : 'rilin' in lioiir.-;. 

Normal : cfln'r wa.s i:i> fii lo makr l oiiilitiMri.'. i'oni|>;jial'|i- wiili tliovc in thf npiTiilt iJ iiiiimal, llJoinl s'llll•ll.sft 
ri.M'S. At arrow, inji'ci insulin (O lf. nuil ks.' .'. N"t'- ra|»i<l Tall ami rapiil ivcovi-rv oftlif* lilooil ('lin-osc. 
I'artial Ufpnierfomu' tiivn ntlicr ami rt iiiovr T;')",, ol'tin* li\* r ti?''iUf. Krju ai insulin inji-rtioii. Tlifre 
is fill* <aiin- fall of hlood trliitosi- hut ifi'ovcry i^ sinu .iiid iin-omfilrif. 


(4) Syaiitoms ok IIvi’ 0 (;i.v('.kmia i\ .Max. As (‘xplained above the 
principal manifestations of clinical hvpojilvcjemia are e(‘rehra] in origin. 

(i) Therr is a feeline' of (‘Xtreme hunuer and a «j:r(‘at seiis(‘ of fatigue ; 
w'nlkdng IxMomes diHieuIt. The patient may become anxi(»us, worried, 
excitable, or behave as if lie w<*re intoxicated with alcohol or deiiKMited. 

(ii) Tremiilousness tlevelojis, and fine imnAunents (‘Mimot be carried out. 

(iii) Vasomotor disturbances of cerebral origin occur, c.//. flushing and 
[irofuse [lerspiration which may soak the bedclothes, or pallor and a sense of 
chilliness. The. hittvr symiitoms may be due to the eompeiisatory secretion 
of adrenaline wliicli occurs. 

(iv) Ijater, there ar(‘ graver numtal disturbances, delirium, and convul¬ 
sions ^; coma tlien d(*velops with loss of the d(*(‘p rellexes, 

^ Insiiliu hypoijlvcaMuia is sometimes deliheratelv jirodueisl in patients 'vith .srhuo- 
phrenia in order to jaodueij i-on\ ulsions which are alle^eil lo improve the clinical .state. 




C LINICAL HVPKUINSIJLINLSM 


The (irst symptoms may set in at a blood glucose level of TT) mg or not 
till a much lower level, c.//. HO mg is reached. In chronic* dialx'tics with 
high blood glucose, symptoms may oec'ur wlnm tin* hvjK'iglyciemia is suddc'uly 
reduced though the blood gliK'osc* level is still above normal, c./y. at a level 
as high as lot) 

(o) Kkmkk of JlvFo(M.v<'.KM[A. 'I’ln* symj)toms of hvj>oglyca'mia are 
relieved by the administration (»f////n*o.vc. The otJu‘r hexosc* monosaccharides, 
e.fj. mannose or fructose (hex ulosc*), are relativ<‘ly im'ffcctivc*. Adn'ttalittr 
helps by mol)ilizing the liver glycogc*!! ; this action on tin* liver is. howc'vcr, 
tnon* marlv(*d in a xvell-fed aiiifiial than in a star\'«*d or diab(‘tic subject, in 
whom the glycogen stores of tin* liv<*r are low. 

Clinical Hyperinsulinism. -This condition usually occurs in associa^ 
lion with hyperi’uiicticuiing tumours of the islds of tin* pancreas. 'J’ht* 
symptoms are those of typical hypoglyctcmia ; in one case “ the patient first 



no CainTfatiM-fiJiiiy (risr oC hinnil trliirosr). 

(h) I’jitKTfatfctdfiiv criiiiljififd with sliiiiilt;iiH‘OUN iijun rr.ni** unilf (normal blood ^rliicosia. 

O’l I’n-vioii'^ jijmcrcalj-ctoiuy )faiiiii}i It) ri>«- of blood uliirox- . paiu rratir malt (at. O) p’slon'.s 
rai.-ii d bloo<l jzlin-o.'ic |o normal. (Iloii'isiv. Amri.J. mnL Sri., IH:{7. /.yj.) 


complained of weariness and confusion, and ultimately collapsed towards 
the end of each day ; he said that he felt beltt;r after food. As the disease 
progressed, symptoms developed three hours after meals when the blood 
glucose was oo ing ; lour hours altc'r fetod, p(‘rs])irat ioii, muscular f witi'liing, 
and incohen*iit sp<‘ech wen* notcvl xvin*n the blood glucost* was Hb mg ; w]n*u 
it fc*!! to '21 mg stupor set in, but ten minutes after administering glucose, 
recovery was WM.*ii established. At operation a pancn'atic tumour was found 
(which could not be removed), consisting of cells res(unbling islet tissue, and 
a secondary deposit of similar appearance was seen in the liver. After the 
operation the condition became worse, and no less than lOOO g. of carbo¬ 
hydrate had to be given daily to ward oil' hypoglycfeinic manifestations. 

Control of Insulin Secretion.*^ — (1) Insulin is continuoiislij secreted in 
the normal animal. This is demonstrated by the effects of pancreatectomy ; 
alt(*.r this operation the blOod glucose, coiuim*nces to rise, within 2 1 hours 

* The. insulin lest of (jaslrie sccMon/ ncUvity is dis<riiHsefJ on p. TSo (cf. Kins, olo, oJT). 

* Wilder e.l al.., .7. A wer. mrd. /I.s-.sr>r., I'.)27, S!), 348. 

^ Macbruxl, Lancet y PJIJO, ii, 512. 
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r)S:i, (i)^ contiimi(\s t.t> ris(‘ (nr I 2 <bjys, ;in<l hrc.oinos sticjjrly jit the 
new high level. 

(2) Insulin seen^tiori cfin occur in the ;i))sence of the pcincre«itic nerve 
supply. Thus a successful pancreatic graft (attached to tlui circulation 
of th(? neck of the recipient via the jugular vein and c.arotid artery) prevents 
the onset of hyperglycannia if introduced immediately after pancreatectomy : 
it restores the. blond glucose t(» normal in aiT oj)eratcd animal with, tullv 
deveIoj)(‘d diabetic syjiiptoins (Fig. r)S.‘b />, <•) ; sncli a graft is, of course, 
conifdetely denervated. Fundamentally, then, the rf^gnhil ion of carbohydrate 
metabolism is tiot dependent nn th(' integrity of the nerve sn|)j)ly to the islets. 

(3) The rate of insulin s(i(!rction is regulated by the concnitratiori of glucose 

in the arterial blood reAichimj the 
'pancreas. This, too, can be well 
demonstrated on a pancreatic 
graft. If a solution of 

glucose is injected into its artery, 
there is a. transient /a// in tlu' 
general blooil glucos(‘ level, 
indicative of an increased out¬ 
pouring of insulin by the islet 
cells (Fig. 581). 

(4) The islets, however, re* 
ccivc a rich innervation from the 
voffi which may c.onstitute a 
“fine adjustment ” of secretion 
of insulin. Stimulation of the 
vagi is sa.id to lower the blood 
glueosf‘ owing to an outpouring 
of insulin. Fross-cireulation ex* 

[KM’iments indicate that changes 
in tin* blood glucosi* act on th<^ 
central nermus sf/steni (hypo¬ 
thalamus, pous and medulla) and 
modify insulin secretion appro¬ 
priately via the vagi (cf. p. 785). 

Aft(‘r section of the vagi, the blood glucose lcv(‘l is mamtaiiUMl within 
normal limits, but tin* glucose. t-oleraiu*e curve declines more slowly than 
normal. Tlmiigh the islets arc thus jiarlly under nervous control, their 
si'c.retorv activit.v is mainly regulatiMl by the level ol the blood glinaise. 

(5^ idle action of onternn' intniianj extracts and Ibgroid on the islets is 
considered below, p. id 8. 

/ Experimental Diabetes Mellitus.- Diabetes nn'llitiis must lx* regarded 
\/iot as a disease but as a sifndronie {t.e. a distinctive group ol symptoms and 
signs), the only indispensable eonstitu<*uts of which are persistent hijpcr- 

ghjeamia and glgcosnrin. _ i i • 

l)ial)(ites mellitus as tlius defined can be (‘xpcrinientally produced iii a 

number of ways. 

(1) By PAN(UiKATK(nT>MY ill aniinals (p. i>()l)) or man. Beeeutly the 
pancreas has be<*ii coinpletelv removed in nuiu in cases ol malignant disease 
of the gland. These, patients niveal for the liist the efiects of 



Kh;. .^Sl. Ivi'gulation of Insulin Ser rriion. 

r.lu.t I I'll! •<>'<• nirvrs in ion n'.-itri-tDini/.t'I with 

funriioniiiii trr.-ift. Diiritiir (In* periml 

iuurkt.‘<l IN.IK(TI0N, llultla wore injeeled as rollows : 
(n) irliicoM- into jiiifiilnr \«‘iM (hlood ‘.diiciiso un- 

chan}:od). 

{h) l.orlxt-V MduCnm into ic (Mood LdneoM 

uiicharnied). 

(r) «^liieo»i* into arler.v snp|»l.vin^' panereatic ^^alt. 

Ni.ti- ninrked r:ill of liluoil \vliii-)i is cxidi'iin' 

of in>idin M'rn-tion. (llou-'''ay, .Inn-/. ./. nn'it, Sn., 
IWT. 193.) 
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of insulin in tin* liuman sul>jfct. The lindin^s 
closely rcs(‘nil>l(‘ those found in exp(‘ri!n(*nt;d paiK'rejifeetoniy or in eliiiical 
cases of diabetes inellitns, but the amount of insulin re(piired to maintain a 
normal blood {;lueos(‘ le\ t‘l is mod(‘rati*, /.#■. ‘Jo 10 units p(‘r day on a di<‘.t of 
200 of carbohydrate, JOO «.»f f>ioteiiu and 100 of fat d 

(2) Tiivhoii) AM) Hyi'OIMI vsKAL I)iai;i*:tks. Administration of dry 
thyroid or injection of diabetoucmie anterior pituitary (‘xtraets indne(*s 
hyperjilycaemia and ^Hycosnria for as hnii^ as tin* tr(*atnient is l\(‘pt u|) but 
for no louiicr. 'Phese hormont's anta^onizt* the aetioo »)f insulin. 

(,‘l) ■MktaiiVPO i’iivsKAi. 1 )iAiiKTi:s. Certain ernde anterior |)ituit.ary 
extracts are inj(‘cted daily, tie* (h»se beintf inertaisj'd every lew days. Such 
treatment contimird for a few week> produces in the do.u: a diabetic st.at(‘ 
which persists indefinitely althonuh the |)itnitarv injeeriiMis an* tliseont.inued. 
Tile only discoverable lesion is in tin* Isirfs, whicli .^how pa.tholoi>ieal ehanues 
of varyine dei;re(‘s of seveiity lanirini!: from rlepletion o|‘ tin* /j cells to comj)Iett‘ 
disa])j)earanc(‘ of the ish‘ts and their replacement b\’ jivaline tissue. 1’hese 
animals dilfer fnmi dejianereatized does in si‘\(‘ral respects ; in particular 
they can survivr* for lone periods without insulin treatment. It is thought 
that th(‘ })ituitary (‘xtracds first stimulate tin* ishd celts (pfuhaps by j)roducine 
liyperjilycaMiiia) and then exhaust and finally destroy them, producine insidin 
lack. Tin* expeiiments simiiost the [»ossilulity that clini<'ally, temj)orary 
])ituitary disorder may produce a permanent islet lesion aial conse(pientlv 

la Stine dialuMes, 

(-1) Mf/fa'I'h vuniI) UiAHKiKs. Ih'olotieed tliyi’oid tn'atmeut likewise 
damaees the islets (aeain perha]»s beeau.^e of the hyperelycaania indined), 
but the injury is less se\ere than that induced by anterior pituilaiw (extracts 
or by alloxan. Thymid rn'atmtuit will thus only induce a jwrmanent diabetic 
state, /.c. one which outlasts its administration, it’ nn>st of tin* jiancreas is 
previously remo\'ed. The animal is then hd’t without a reserve of ish*t tissue ; 
if tin* nunainine islet tissue is now injured by thyrr)id a«lminist.ration, a 
j)ersistent insulin deficiemw and diabetes result. 

(o) .Vli.<)Xa.\ |»oisojiinu (j>. bM>). 

(ti) llioH Cakiu)NVI)Iiatk Dikt. It is claimed that in^u‘stion of lar^e 
amounts of (Carbohydrate over loni: periods mav initially stimulate and 
liiially (‘xhaust ami damage the islets. 

Clinical Diabetes Mellitus.- In the past, owino to the similMrity 
between the metabolic chan”:es in human diabet(‘s mellitus and in the 
pancreatectomized aniitial it was ecMierally sujiposed that, tin* clitncal con¬ 
dition was always due to a pancreatic lesion. Post-mortem examination of 
tlie pancreas eives only |)artial support to this vi(*w, (iross macroscopic 
chane(‘s in the pancreas are ran* ; (i*d(*ma. of the fi cells of tfie isl(*ts has betui 
demonstrated on miicrosco|)ic examination a, few hours aft(*r death, and 
regarded as evideiKMj of d(*fici(*nt insulin s(*cr<*t.ion. ()ft(*n, how<*vi*r, no lesions 
can he found in thr islets. Soskin has said that rUnienl diabet(*s mellitus is a 

' These results show tliat iii man after panereatedoiny the insulin requin'inents are 
leas than in some cast's of clinical diahetes mellitus. It was pointed out on p. 910 that 
recently a blood ^dueo.s(‘ raising factor (called ** hy portly c;emic factor”) has b(^»*n isolated 
from impure insulin and from the islets. These findings suggest the possil)ility that the 
hyperglyc.'emia in pancreatic disease may soiiuftimes l«‘ due not only t.o insulin lack but 
also to excess of a bl(»o<l glucose raising factor (»f j)anereati<* origi?i. 

* Hiinswortli, iMncr.t, 1949, i, 4<)o. 
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ilisf.‘is«* of unknown u‘lioloj^y, t lms onij»li;isisin_ii oin- i^nor.incc of tin* Ciiusiil 
or of the site of tin* anatomical Icsimi in many cases; hut whal.ever 
, the site of l.hc lesion in clinical cases t]ir ff/j/r/itwr// result is alwavs to ]>ro(luce 
,1a mrfaholir disturhffhcr slnnlar fo fhal ranxnl hff ntsfiliu lark'. 'Hiis view is 
; jconlirnKMl hy the iindinc that injccti(m of insulin amelinrat(‘s the meta'holic 
and clinical state in alm*)st cNan-y case of <*linica) cliahetcs niejlitus, whatever 
tin* cause may have la-fm. 

(■linically the diahetic. syndrome mav he due i<» : 

(i) Piumratic isirt thjirirnrff: unless tlune is cvid(‘nc<> U) tin*, contrary, 

are always attrihuted (jxM'haps wrouely) 


clinical cases of diaheles ?ne||itus 
to insulin lack. Th(‘ clinician 
likes to r(‘strict the t(Tm “ dia 
hetes njcllitu.> " to tliis class of 
ease. 

(ii) JJifpn/Hhn'hfnsin : e.r/. in 
acromegaly (j). lrl 1). or ( 'nshl?ie s 
syndrome (|». IMif)). 

(iii) JJfj/nrfhf/r()Kli.siii, tj. in 
(Iraves* disease (p. IhH). 

(iv) lncrt*ased secretion of 
(fdnonfl rto'h'.r hormones (coriico 
metaholie syiuli-ome (|». 

Metabolism in Diabetes 
Mellitus (Experimental and 
Clinicalh I. Changes in 
Carbohydrate Metabolism. 

The chanu‘<'S (h.*scrihed helovv caji 
hi‘ readily deduced from t hi‘ 
known acti(»ns of insulin. 

(I) tit.VCCHiKN IducMA'l ION. 

This is depresstal in the li\erand 
tnusc.les : 



Kn:. Asri. KI'ltM't .»}■ IN‘ninv,il ol‘ Ijvei- rm 

(diH’D.vr in X(»iiii.d and l)ipaiicrcali/ed 
Animal. (.Mann and .Maiiatli, .Infi. int. 
J/o/.. IUl’.X TUT.) 

diminished. In the norjual animal tin* d(‘creasi‘ in muscle glyconeu content 
which (xanirs after tetanic stimulation is made ^n^od rapidly a.ml completely ; 
after pancreatectomy llu' restorati<ni of the exhausted muscle g|yt*()g(‘n is 
V(iry much (lelayc'd. 

(2) CaUUOIIVDKATK “ I’rild/ATlO.N ■ A.M) DissLMII.ATIOX JIV THK TrSSUKS. 

There has been much discussion ahoul this mattfu-; at different times it 
has h<M*n argued Unit after pancreatectomy carhohviirat<‘ “ utilization " 
or dissimilation is abolished, or is imj)ai?ed, ov is unaffected. 

(i) It is certain that carbohydrate *' utilization " is itot aholkiml. This 
is fu-oved by the studies on th(‘ (‘viscerate depamcreatized j)n;pa.ratioii 
described on ]). hil. Again, if th(‘ liver is nunoved in a. normal animal the 
blood glucose falls ; the rah* of fall is a rough measure of the rate of carbo¬ 
hydrate utilization " by the tissues. If the liver is removed in a depan- 
crmiized animal, the blood glucose, (which is initially abnormally high) likewise 


(i) The resting li\-er glycogcti 
level is low. 

(ii) Th(‘ resting skeletal 
musch* glycogen h‘vel is likewise 
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iVilLs ni|)i(Ily (Kiii. provin.u l j^liicosr " iition *' is coniinuinii on n 

c*onsiilcr;il)l(‘ scale. 

(ii) Tin* rate of ^ducos(‘ dissimilation lo (’().> lias l)c<*n directly dfdrnniiied 
in diadctic animals nsin^' lrac(‘r iiudliods. In tlii‘ do^ (wliicli in its m(‘ta.l)olic 
behaviour closely n‘S(‘mbles man), the rat«‘ or i»lncos(‘ dissimilation as aln'ady 
noted is r(‘dnc(‘d by paiicreatecttnnv to 10‘\j of normal. Administration of 
insulin lestores the ratt‘ of dissimilation to normal. 

(o) Ti:.\\sn)KM.\’rn)N of (daa’osK to Acids and K\r. The 

con\t*rsioii of wliicosr to lonii chain fatty acids in the liver and oi‘ «^lncose 
t.o fat in adipose tissue alm(»st ceast's. It had bt‘en siipp(>sed at om* tinn' 
that in tin* dial)etic, fat is converttal on a (amsidcrable scab* into blood 
ciucosf* ; this is not the case. What happens is that ilii'tarv glucose \vhi<di 
would normally ha\c been rcmove<l and stor«‘d a> fat now remains in the 
body tliiids and thus raises the blood i:bic(»sc lc\cl.' 

(1) c.KMiA. Koi.k (IF Xkoioat’ookxksjs. 'riie bh»od iilncosc 

lev(‘l is alinormally hiii'h, c.//. m.ii or o\ ei*. even in t he fastin*:' state. 
Tin* hy|)cFtjilyca'mia is ilin* to (i) (h‘crt‘ased withdrawal of ubicosc from tin* 
body lliiids (.see (1) (‘i) ab(»vc) and (ii) to ill-rt‘Lndated a«‘ti\ity of tin* liver 
witli resjject to in*o^dnco,n(*ne>is. 'I’ln* fundann*ntal inip«»rtanc(‘ of tin* liver 
is slntwn by the fact that renn>val (d‘ tin* livt'r in the dt*pancieat iz(‘d animal 
prodiic(*s fatal bypojLilyca*mia. in the fasting; Htnumi animal tin* liver mami- 
factnres new ^bic(»se from amino-acids (fornn*d by the hydrolysis of protein) 
and secretes it into the blood in amounts snl]i(*ient to maintain tin* normal 
blood cliu*i)se h‘V(*l. In the <liabctic slate on tin* other hand tin* Ii\er manii- 
factiires atnl secretes unnecessary ‘’new*' oiitFose into the l»looil and thus 
aeeravales tin* hvper‘rlyca*mia. It is iinc<*rtain wln*tln*r the /thsolnfr amount 
of <ilucose formed by the liver is greater than in the normal animal ; but 
whatt‘\(*r the anioimt it is ob\iously more than is in*(*ded. As much of tin* 
blood eliicose is excreted in the uriin* there is a considerable loss of enerjjfy. 
Ill th(^ fasline diabetic the ” in*w “ t»lin*ose, which is wast(*fully made by tin* 
liver conn*s from tissue pnilein res(*rvcs ; marked lossof body weight therefon* 
occurs. 

(o) IIkscikatokv Qi'otifnt. Tin* respiratory <jiiolient is lowered in the 
diabetic from the normal value of tnS O-So (on a mixed di<‘t.) to valu(*s in 
the region of 0-7. 'riiis has been interpreted as si”nifyin.i»: that fat tiloue is 
bein^ dissiniilated and not carbohvdrati*, /.c. as ^ivin^- siip|>ort to tin* extreme 
“ non •utilization of carbohydrate vi<*\v which has bf‘(‘n ])roved to be in¬ 
correct. Hut as ex[)lained on p. the inter]>retation of tln^ respiratory 
(|Uoti(*nt is beset with diflicidties ; as a rule, far from the K.Q. iticri'asine 
our knowh'dyn* of nn‘taboli(* pna-esses, a detailed study of tin* metabolic 
j)ro(*esses usually has t.o be imdertak«*n to account for tin* K.Q. obs(*rved. 
The low R.Q. is probably din* to sev(*ral factors : 

(i) Tin* decrcas<*d dissimilation of ebicose (H.Q. of ^lucost* l-O). 

(ii) The incn*ased dissimilation of fats (Ii.(^. of fat 0-7). 

(iii) More fat is conv(‘rt(*d in tin* liver into k(*tones than the tissu(*s can 

use ; tin* (‘xcess k(*toncs an* (‘xcret.ed in the urine, 'fin* (-onversion of say, 
I mol. of palmitic acid into tin* <*(juivalent 1 mols. of acetoa(*(*tic acid (if this 
is nof riissimilated furtln*r) involves the utilizatimi of 7 mols. of O.^ without 
any c.orn‘sj)ondine evolution of Thus : 

^ Slettcn, Uecciil IWtujrem I!onnnnv, lUtU, /, ISU. 
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Tlio TiH'Hsurfd 11.Q. is tin* rati<» of' l)V t lu* tidirv htrUthoh‘>i}ft of 

Oo COllSllIlK'd 

///(• luKlff. Tii(‘ coiivi'tsioii shown in the aimve eqiialioji increases tlie (lenoniin- 
a tor only and so lowers the J^Q. 

(d) fiLVCosi-KlA. Owinir to the liyper^lycaania the tnhiih* r(‘al)sor|)lioi'. 



rn;. r»S(>. (iluro.si- 'relnajH-r ('uim > 
ill Various (’oiidil ions. 

( liiMwii f’nuii •lata in nranniont and Ondd". lii-n-nt 
.Jd/'a/av-s in Mi'i/lrliir.) 

In each eax' tli*’ hlnod \^a^« lUdrniiiin-d luforf and »\'\rv 

t.Mf iniir.Mloii of .')0 i:. of jilm-nx. A Nnnnal ,-nlij«c< 
n .Mild diabi-tr.', : iinrmal Mu'mI irlini»x‘ 'Inrins; la'^tiMU. 
C Srvin- dialM-ti-s; idiMnl ulin-nx- wlii'ii la.-tiair, l> Mop' 
(lialudfs. K lO'iial }jlyro<aria. 


niaxiiniiin (Tjn^) Tor jilucose is exceeded (]>. 1)27); in other words, thf‘ glucose 
filtered out of’the Idood into llownian s capsule is not coni j»let(*ly I'ealisorlaul 
(as it is nortnally) hy tin* tiiluihir ejiitheliuin hack into the hlood , ^l\cosnria. 
results. Owiiifjj to the e.xt-ensive reahsorption ol water wdiich <d\\ays ta.k(*s 
place in the tdihnles, tlu* concentration of sujrar in the urine rises to levels 
far above that in the hlood, even, for example, up to o I he osmotic 

pr(‘ssure exerted hy the hi^di concenf ration ol ^lueose in the urine is consider- 
ahle and hampers the realisorption ol wat<'r ; so mor(‘ water tlian noimallA is 
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lost in till' nriiu', |M)lyuri;i results. Owiiie to llio excessive water loss IVoni 
tln‘ body ijreat thirst is t‘X|)eri<‘ne(Hl. 

(7) Glucose Tolerance Curve, (i) Nokmal IIksponsk. The fastinji 
blood ulu('os<‘ is deterniiiHs) lirst tiling in the mornini; (normally it is 80-100 
nil!’. |K*r loo e.e.) ; TiO nt‘ ^dueose ar(‘ tlnm invested, lilood speeinums 
(venous or eapillary) are eolh‘(‘ted at hall-hourly intervals and the ^lueos(‘ 
content of <‘ach is dett*rmin(‘d. Half an hour aftm’ t he i>lueos(‘ “ meal tin* 
blood uiucose rises to 130 IbO mu;-'*,, as tin* ulucose abs«)rbed from the bow(*l 
enters the systtmiie circulation. Diirimr the next hour thc<;bhw>d glucose 
sti'adily declines tt» its initial value and may fall even hdoir this temporarily 
(Ki;i. bSt), curve A). The response* of the blood elucose to a i!luc<»se meal, 
/.c. the jjluvnsi' titlrnnnr c///wy, dep(‘nds on s»‘Ve‘ral factors : 

(//) Rate of olucose absorption from tin* int<*stine : the more* rajiidly 
elin’ose is absorbed, the laru<*r is the annumt ol' glucose* which n*aches the 
circulatiem in a iiiv(‘n time and conse<jin*ntly the create*!- is tin* initial bloeid 
nlu(‘«)se‘ rise. If the intestinal wall is damac(Ml by inilammation nv if its 
abs(»Fption nn‘chanisms are* de*pre*sse‘el bv hn-k eef tin* adre'iial e-orte*.\ hormone, 
thvroid, «u- c(*rtain vitamins, a ” tlat * curve* re*sults. i.r. the* blood cluceise 
p(*ak is lowe*r than is inu-mally tin* cjise* (p. S3t»). 

(h) ’fin* clucose* whi(*h e*nte*rs the* cire*ulation elilfus(*s threuiclnuit the* bexly 
llllids : i.r. the* abseu'be'd ifluco.se* is elilutcel ne)t me*re‘ly by the* bleuid ceelume* 
(b L) but by the* teital body Iluiel, say bO L. The* bhieal olucose* weudd only 
rise* by abeiiit l(iO mi! abeeve* the* initial value* (af‘te*r in,i!e*sl ini!; bo c. eif 
irluceese*). i*\ e'n if ]io re'ciilatiii;; nn*chanisms e‘xiste*el. 

(c) The* rise* of blood eluce>se* elire‘e*tly incre*ase*s e|ue*e»se* utilization anel 
^lycoiren eh‘pe>sit ion. It also stimuhite*s ins/tlitt se*cre*tie»n. 'fin* itisulin furthe*r 
prome)te‘s tin* withdrawal e»f ^luceese* freim tin* beidy iluiels atid inhibits the* 
inllow of ne‘W uliicose. 

Tin* time* laii wliicli e*xists before* the‘se* varieuis factors cemn* into e>pe*ration 
ae-counts fe»r the* small initial rise* e»f bheeal eluceise* which eece-urs afte*r a cbicose 
me*al. 'Pin* time* la^: in the* re*action of tin* liver te) the* falling blood clucf»se* 
is the explanatieui of tin* frar!sie*Tit terminal phase* of sli^dit hype)c|yc;emia, 
wliicli is commoidy e)bse*r\e*d. 

Efjrrt of Prrriims Dirt. Tin* curve* oblaine*d varie*s with tin* j)re*vious 
die*teti(^ history of the subject. If tin* di<*t has be*en loir in carbohydrate* 
(r.<f. bo c. daily) tin* ti*st in^e*stion of 50 of ebicose* may raise* tin* bloexl 
cluco.se te) 200 nm 'b, ; tin* rate* of eif*cline* is slow and is ine-om))le*te* e*ve*n aft;e*r 
3 hours (Kie. 587, curve* A). If, on the contrary, the* previems carbe)hyelrate* 
intake* was hitpi {r.f/. 500 elaily), the* te*.st in^e*stie>n ])re)eluce*s e>nly a slif^ht 
and irrecidar alte*ratioii in the ble)e)el ^lucejse* (Fij^. 587, euirve* B). 

(Aimjiarison of the jilue'ejse content of the arterial anel ve*nous bloejel to a 
limb sinews that em either elie*t the ujdake e»f clucose by t he* tissue*s is neirmal 
(Fi^y 588). 'Pin* inch " eliabetic-Iookiiic e urve obtaineel ein a hich fat eliet 
may be* elm* to the hich fat content of the live*r which impairs the* hepatie*. 
re*jnulatie)n e)f ble>od jzhicose level (cf. p. 869). Tlie le>w (carbohydrate diet 
also impairs the* (*on version in the liver of glucose into fatty acid. 

(ii) (fLt/e’osK TotKKANCE Curve in Diaretes Mellitus (Fi^. 580). 
The blood glucose*, leved is abnormally hi^h. Following injje^stion of 50 fx. 
of j/lucose the* lilood jrlucose may rise by a fire^ateu* absolute* amount than 
normally (r.f/. by lOO me ‘yj to abnormally hi^h pe*ak value‘s of 3(K) mg-^),, 



( iia\(;ks in fat mktaholism 




or iiioiv. SiihsfijUtMttlv n vory slow fall .s(‘1.s in, so that niaiiv jjoiirs niov 
ela,j)S(‘ l>(*fo?*t‘ lilt* fasting hlood i^lncosi* l(*v(*l is n*irain»*d. 

Tilt* initial liy|»rr<fly<‘,‘ninia and tin* shajM* of tin* pnst-inurstion curve an* 
du(* tf) la.(*k ol insulin and tin* cons»*<jin*nt lailiirc of the l>od\' to t't‘S|)ond to 
the in(*r(*.as(* in ihc l»ody-(luid ‘iluc*»sc. Tin* final fall of tin* hlood ulucosc 
is due mainly to i,li(‘ (*\crction of <ilu(*t>so in the uriin*. 



MiNUTr/: 

Fn;. aS?.- -Fft^Hl uf ('arltnhydrafc (/onfnU i.>f })rc\ ions |)ict oji 
tJlncos<- 1’<»l<‘ran< <‘ (’nrvo. (11 irii’^worth, Ltinrd. lUlt!!, ii.) 

Dirt A r»(i r. rrirlM>|iv«lnnr, so i;. iirotrjii ‘Jio <,!. tit. 

Dirt It "'tio u'. rarbohvdrato, so prt.f-rin, 10 far. 

( < ontiol (rf. l- iji, 

2. Changes in Fat Metabolism. (I) Xon-Ti; anskokm \hon of 
(.imuMisK iN'i’o Fat'i ^' Acids and Fat. Set- jt. ti2(). 

(2) Kxdkssivk Kk/ionk Fok.matkdn in thk Li\ i-;u. K(‘ton(*s tire htinn'd 
from hit in the liver and turin-tl tait intti the hhtod at a fastt‘r ratt* than the 
tissut*s etui use tln*m : the hlttod ketone h'vel is thi‘rt‘hy rais(*d (kt*tosis, 
kt*t:emiti) tuni ketoin* bodies tu»* t‘Xerett*tl in tin* urine ()). t)2l). I’ln* e.\'et*ssivt* 
kt‘toeonesis is r(*hitetl to the hiet that the livt-r is de}»l(‘t(*d of lilyeoiit-ti tuid 



Fig 5SS -KfrecI of Carhohvdrale Conlenl of pn vioiis Diet on IVripheral 
Uptake of Gliieose hy'Tissiios. (Uinisvvorlli, /Mfirrf. 19311 ii.) 

Noir t.hr arras riirlosr.l bv thr rapinary-vrnoiis riirws an* siinilar in both rasi 
1,- pn-vious low rarl.obydratr <Urt.. II.(M). U'rrvious In^h rarl.obydratr < 


Ii rasos. 
i- dirt,. 





KETOSIS 




with fat. Evon i]i tin* 1astinjj[ sl;d<‘ tln‘ lv«‘l»»sis jMMsists, tlir katoiia 
bodies heiiiir forrued from (at which is mohiliz<‘d in la rue aniounis from tlie 
tat n‘serves. 


Th(‘ idle of th(‘ liver in hlood ki'tone regulation is as ini(M>rtan1. as its role 

f 

iuiycjeniia an‘ rediieed. Thoiiuh tin* diabetic inaiiifestTifroiraTe less inark(*d 
dlie patient is worse because In* now also sutlers ('rnni the serious condition ol‘ 
he})atic iailure (p. 

(ri) Kk'I’onk U'l’iLiz ation. 'riie pow(‘r of the tissues to litili/e ketones is 
nniinpairi'ii in diabetes. As l(*ss ubieose is ns<*d a lar,U‘*r proportion of tin* 
ein‘ruy iii‘eds ol* tin' bixly is siij)plit‘d bv ketones (or coin|)lcti' o.xidat i(»n). 

(-1) The h]o(nl fat (in th»‘ iV»nn of trlulye<‘ride) rises {lipa*inia). 'Fin* 
lipa'inia indicates that fat is " calh'd out ' of the dc'pots iafa the blood faster 
than tlie liver can withdraw it fnan the blood : the development of fatt\’ 
liver indicates that the liscr is taking up fat from tin* blood faster than it 
can dispose of it by conversion into k(*tones. 

(d) The hiaad vhaU’Hfvml level also rise's, even tip to I’d",, in e.xtreme (*ast*s. 
(b) Tin* (jljfrvroJ (('ll A)ll.(of neutral fat is eon v«*rt(*<l 
normally into udiieos^* (in tin* liver). 

Kesi'I/i'S of Kk'I'osis. din* ki'tone bodi»*s are ae(‘t(»acetic jicid (tin* 
siibstanei* primarily formeil) ami //-hydroxy-butyric a(‘i<l : these a(*ids an* 
interconvertibh*. Acetoac(*tic acid breaks tip in the bloorl and the nrinarv 
bladder to form acetone which is <*liminalt*d in the expired air (uivinu it its 
eharact(*rist ic smell) and in the urine (see p. Stlh). 

7'he ])resenoe of alniormal annuints of acetoac(‘t ie and /c hydroxv biitvriir 
acid in tin* hlood ti'iids to induc(* a “ inftalmjic *’ aciilmmia ()>. ‘dh). '{’In* 

usinil C(»nipensatorv n*action8 occur (p. It>2) : 

(i) The acids are initiallv in*utrali/.ed bv tin* XaHt'O.j of tin* plasma. 

H.Ak i NalK'th, vXa^Ak ; |IA) ; 


in bh>otl li'hicose regulation. lie pa t ec t o m y_ J1 1 ^ bhaMj JjLeloiiu level 

decrea-.'ics as ra|)idly in tin* depan(*r(‘atized as in the normal animal. IjLllui. 
liver is damaued in tin* diabetic pali(*nt both the ketosis and tin* hvix'r- 


(.\k the aeitl Uetenc ImmIv inuler ennsiiliMMl ion.) 

(ii) Tliere is compensatory iiyjierjiini'a which eliminates (a) tin* (‘xtra 
i'Oo libcTated by the above bunerinu reaction and (/>) additional CO., as W(*ll 
so as to ^et rid of enough extra (’Oo to make n|) for tin* decr(*asi* in tin* jilasma 

alkali (NalK’O.,). The ratio det<*nnininu blood reaction broimlit 

(HAl;.,) 

back approximately to normal ; tin* numerator (bicarbonate) is jirimarily 
reduced by the [»ufh*rine reaction ; tin* denominator (]].,('().j) is secondarily 
naluce<l by tin* compensatory overventilation (]>. .T.M)). 

(iii) There is (*xcretion of a hijjhly aci<i urine (p. IM). 

(iv) Tlnjre is increased XH.,' excretioii : nn>re Ml., is made by tin* renal 
cells to neutrali/(* tin* abinirmal acids (f>. !>7). 

Direct measurement (jf tin* H' ion concentration of the blood n*veals 


litth* change in most cases ol diabetes, [irovinu Ih)W elfectivi*!}' com])ensatioii 
of the acidtemia is carri(*d out. 

3. Changes in Protein Metabolism. —Normally tin* non-nitrogenoiis 
r(*sidii(*s of the amino acids are converted into glucose (mainly) ainl ketoin*s 
(to a, small extent) in the liver. In the diabetic-, rH*ou;lueou(*in*sis from jirotein 
takes plac(* exc(*ssively, and this overproduction largely contributf's to tin* 




DIAHKTIC COMA 




liVjXT^lyc’JL'iuia ; tliofc: is alstj .souk? o.xcoss k(^t.(»_i£oncsis finjii which 

;j?^^ra.v;i.tcs the k(‘tu.sis (cl*, pp. S87 rf m/.) 

ill tile lastiiiu;(liiihctic the tissue |)F*(>t(‘iiisare hydrolyzed rapidly to produce 
large aiiiounts of aniiiio-acids which are coiiyerted into ghu-nse and ki'tones, 
much, of whicli is excreted in the urine. ^ 

Rkkk(” 1’ Oh' DiK'r IN Diauktks. Kxtra dietary carholn-dralA* increase's 


the hypi'rglyca'inia and tin* glycosuria 
(as occurs also when giucosi' is giyen) ; 
<lietary jirotein is mainly consanted 
into glucose and jiartly into ketones; 
dietary fat increases the ketosis only. 
1. Diabetic Coma. Tlie <inset 

of coma is Jdreshadowed hy head¬ 
ache. nausea, yomiting, obstinate 
constijiation, and abdominal pain, 
d’he breathing liecumes deep aial 
sighing (*■ air hunger “), and con- 
sciousmvss is gradually lost. If the 
alv(‘olar TO., falls below 2'’,,, coma 
may siiperyi'iie within 21 hours. 
The fa.ctors producing the coma arc : 
(i) Accumulation of llie poisonous 
acet.oaceti(‘ acid, (ii) The acidannia 
which may be present, (iii) Failure 
of the kidneys : (dbuminuria, casts, 
dimiiiish(‘d (‘Xcretion of urine, and 
high blood urea may be found, 
'riiere may b(‘ complicati'd changes 
in water and ionic balance, 
(iv) Circulatory failun* is present, 
and the blood pri'ssure is y(‘ry low; 
this may be partly the re.sult of a 
decrease in the plasma, yolnnu'. 

Action of Insulin in Diabetes 
Mellitus. -Tilt! administration of 
insulin to the diabetic restort's him 
to Jiorrnal : 

(i) The inllow and outilow ol 
gluco.-ie from the body fluids liecome 
normal. The rate t»f ilissimilatitm ol 


LIP/tMIA ^ 4: 0 0 0 



Flo. eSU. .\rlioii n[ Insulin in Fasc ol 
Severe l>ial»etie IMtienf. (Davies, 
Lainiiie, Lveiis, .Meakins and inibstm. 
liril. n,cd. J., 

Ooliiijites I'nmi above downwann are: I’laana 
liii-;irlMiiiale in vol.'- Hut ee. Illooil uliieose ia 
ini' ion re. Uldod ketones in me 100 re. 

.\t arn»vv inject :to units ol in.sniin. 

Note: Ki^'C oj’ plasma liieiirlionaie from :J0 to t;> 
voN 100 ee. I’idl of hlttod 'jllieost' tVolii MMi |o 
100 iii'i ItMt !•<•. Kali of blood ketones Irom 
.‘iilto s mu loti ee, Oisapiiearanei’ oflipa'inia. 


glu.e(»se, its eonyersioii into giyeogen. 
fatty a.ei«Is, and fat, ami the ratt‘ ol 
in‘oglu(‘ogenesis by the livt'i' becoim* iiorimd. I h«‘ blood sugar falls to mtrmaJ. 

(ii) KHom' formation in the liyer and the exce.s.siye mohiliz.itioii of fat 
e(‘as(‘ ; as the k(‘tt)sis disfijtpears tin* rea(*tions to acidtemia. aie dispensed with. 

(iii) Tin* K.Q. r(‘turns to normal. 

(iy) Tin* urine bectunes normal (tin! glyeo.suria and ketomiriti disappeai) 

(Fig. b8t)). 

.\ MM I ,\ isTKA'in >N i)K iNsriJN. Iiisuliu Call be administ.<*ied (!lini(all\ 
(usujilly by siilicul-ancoiis injt!ction) in several difl(*rent lorius . 





irj(; ADMINISTRATION OF INSULIN 

(I) Hvtptlnr IhshUh : an aqu<*ous solution of crvstalliTic or otli('r purified 
insulin. Jt is riij^idly absorbed IVoin the subcutaneous tissues and lowers 
the l)lood ^lueos(‘ aftsM’ a short latent period ; the eiVeet pass(*s off in a few 
hoUT's (Fie. biM)), A substantial proportion of the injected insulin is probably 
e.\en‘1ed, 

{2) Zinr-htstflin : the additifUi of appropriate amounts of zinc (as a 
soluble salt, e.//. /nCf.) <ielays the absorption of insulin froiri the skin by a 
mechanism which is unknown : itsatUion is (‘onseipiently prolone(*d. 

(b) Proffniunr-In.^nlin : a eleai* solution of a juotamine (a basic pr(»tein 
<‘.\traeted from nnelei and eonlainine tnimh areinine and lysine) is added to 
an insulin stilution ; the protatnine unites chemically with insulin (as it 
does with other pi‘<»tei]is). Tin" protamim* is diss«>lved in a suital)le buffer 
solution of such composition that the /dl of the mixed insulin and protamine 
solutions is 7-*J. At this reaction tin* protaminedjrsidin (‘<Mnj)ound is insoluble 
and forms a tloeeulent [ueeipitate. The suspension is injeetetl ; insulin is 



I'lc. .'>no. Kllcct (»r IJeu!iilar IiiMiliii ainl of ProlaniiiH' Insiiliii on liloml tilurose. 

N'elf tlu‘ min'ti laon- iirul'ihuftl of (Moiliticl from IU*st. itiid Korr.) 

slowlv lilt(‘rated, slowlv absorbed, and pnaluees a prohm^evl etleel. (cf. andro- 
oeiis, p. 1111). The advaiitaues of t his method are : (i) The diiraticm of the 
antidiabetie elfort is, as stilted, loiiii'er (Fin. bttn). The number of injections 
re(pjired is t Imrefore reduced, (ii) 'fhe blood nlin-ose eurvr* durino the *21 h(*urs 
is more I’cenljir and rloes not show a hi.nli peak after a meal or a marked 
dejiression after an injection. There are consequently fewer inqilea,sant 
hypoolycjemh' reactions, (iii) I'he ketosis i*- better eontrolh‘d. 

(4) Zlnr-PrnhnnlHf'-fnsulln. If a zinc chloride solution is added to 
a prof amine-insulin sus|»ension the latter beecmies stabilized and remains 
in a satisfaetorv state in vials without s<*dimentino out, for months. The 
preseiK'e of zinc also facilitates the formation of the protamim‘-ifisnlin 

(b) fiisnlui loffrihrr tnfh a " Rvturd /usiilnt (2), (‘i) or (I)). 

This combines the advantages of the immediate n*sponse to the rej^ular 
insulin solution with the prolonj^ed ai-tion of tlie mon* slowly absorbed forms. 
The two prepara.ti ins must be injected from srfuinitr syringes at scjiarab* sites. 

Abnormal Response to Insulin. ( 1 ) iNsiTr.ix ll vi*KKSK,\srrrvrrv. This 
condition is jU’cstmt. wlien a. severe prolonged hypoLdycaunia. (which may be 
fatal) results from a dose of insulin which produces a trivial blood glucose 
fall in the normal animal. It occurs experim(‘ntally aft(‘r n‘moval of the* 
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glands whicli aiita.u:(>iiizc tla; actiou of iiisiiliu, /.r. after hV|)u|.)liv.seetoiriy 
(|>. 938) or adiviialet-iomy. 

Insuliji ljy{)ersensitivity is jn*esent in clinical cases of livpojnruitarisni 
(t\g. Sinirnoiifis diseast*) and of adrenal cortex deficiency (Addison's disease). 

(2) Insi’jjn IIknis'I'anck.- rsnally the sul»j(‘('1 under ohservalion is a 
dial>(‘tic \vlif»se liyj»(‘r;jlyca‘inia was previously kej)t in cln‘ck hv small do.ses 
of insulin : with t he devtdojuiKMit of insulin resistance, dos(‘s of, for <'Xaniple 
2(H) units or fiiore may fail to lower the blood <:iucose. Tin* pfjssibh* cans(‘s 
are : 

(i) /A>o/' nhsin'ntion of insulin from the subcntaneous tissin‘s (intu which 
insulin is usually injected) ; such cases n‘spoini normally to insulin when it, is 
adininistenid intravenously. 

(ii) Excessively rapid destravtiaa of insulin ; then* is no evidence that this 
occurs. 

(iii) Orerarirrtfg nf fhr insaltH aidaginnsfs, l.t\ anterior pit iiitai v, adrenal 
cortex, thyroid.^ 

(iv) Ah'Horwfil vnadifinn nf (/h> lirrr (due to ‘‘ fat ty state." action of toxijis, 
or fevM‘r) so that it does ijot. respond normally to its Imrnnuial le^julators, 
y.c. hepatic ^luc(»^n‘in*sis is not “ scr(‘wed olf" asenecti\ely as usual bv insulin.“ 

(v) Jn some cases th(‘re is evirlence of tin* pr(‘sen(*e t)f at) atdi-itfsulla 
sub.stance in tin* patient's bloo<l : injection of the “ resistant " pati(*n('s s(‘rum 
plus insulin then produc<*sa smaller fall of blood jilncose in a test animal than 
an in jection of normal serum plus insulin. 

Glycosuria.**- -The term j^dycosuria refers to t he j)res(*nce of suuar in t he 
urine in suflici(*nt amounts to reduce alkaline solutions of co])per sall."^ 

d’he normal arterial blood jrlucose l(‘vel is 80^(80 mg according to 
cireuuistfinces. (Glucose is liltered out from the })lasma into (b>wniairs 
(‘.apsule ; tin* glucose concentration in tlie tubular lluid, therefore, is initially 
identical with that in the plasma. The normal average glojnerular liltrate 
volume is 120 (\c. ])er tninute. The amount of glucose (iltered per minute 
must vary with: (i) jilasma glucose concentration and (ii) the rate of 
glomerular filtration. The uacr/ua//amount of glueo.se tliat couhl lx* filtered 

per jiiinute at tin* maximal normal blood gluco.st* level is thus 
^ ^ 100 

y’.c. 21 (i mg. 

Glucose is transferred (icfirfdg by the tubtdar ej)ithclium from tin* lumen 
of the. tubule back into tin* blood (reabsorption), '('here is an upper limit 
to the. absolute amount. <)f glucose wJiicli can be reabsorbed by tin* tubul(‘s 
in unit timt‘ ; tliis is calli*d the talmlar ahsnrpfion ma.rimam far glarnsr or the 
Tnitj : its normal averag(* value jH*r minute is 300 mg. for women and 350 mg. 

* Thti })r(‘S(rin.*(* «»f tlx* panerentic liy[lerglye.einic fju'tor " (p. UlS, footnote I) may 
play a. part in soitx* ease.s. 

ThoHO inve.stigjitor.s wlx) are never at a loss for a plira.se \n " (‘xplain ” a ])l)enomenon 
by (k'seribing it in other, more impressive wonls, liavi* termed tliis non reaetion of the 
liver “ hepatic rt'fracloriness as regards the inhibitory response.” Tlx*r(‘ would seem to he 
some tu'gleet of Plain Words" hen*. (See Sir Krnest (towers' J^lnin Wants, vStatiom-ry 
Oftiee.) 

^ ('oreoran, Chrclaud ('tin. i^uarlcrltf, I'.MS, /.J, Isti. 

* Chromatograpliie examination fd' (he urine shows that traces of glucose are ixxnially 
jiresent but the eoneentration is loo low to give a. n‘dueing l•(^•letion. 'rix* pi(*.senee of 
the.se normal traces is ignored in the di.seussion below. 
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for iiKMi. Tlu* blood irliicost* Icvols at which ‘iOO and 350 tn^. of «^luco.sc 
would be lilt(*rcd out {»cr luiuutc from normal glomeruli an* about ‘ibO and 
3(K.) mg respectively. 

'rhis calculation does give the minimum (threshold) blood glucose 
level at which glycosuria o(‘cu?*s. The reason is that some of the renal tubules 
ha Vi* a lotrer maximal al)sor|)tive power than tlu* average. Wlien tin* amount 
of glucose filtered out in the glom(*ruli (‘xceetls the Tm,, of these “ w(‘akcr ” 
tubules, detectable glycosuria occurs (although the other tubules liase not 
yet ('X(*?-ri*d their full real)sor|Uivt‘ [»owt‘r).‘ (dinically, detectable glycosuria 
is commonly pn‘s(*nt wIk'ii tin* bloo<l glucose cxciicds ISO mg but-indi\'iilual 
variations an* considi‘ral.)h*. When the lilood glucose le\el is such that tin* 
Tm,j of (ill tin* lenal tuludes is ex(‘(*ed<‘d gross glvi'osuria occurs (Kig. bbl). 
(ilycosuria may thus result f?‘ojn : 

(i) Increased filtration of gluci»s«* iiuc to: (a) rais<‘d |)lasma glncost* con* 
centration ; this is much the commonest cause : (/>) increased volume of 
glomerular filtrate ; this is very rare. 

(ii) L)(‘creased Tm,; : this may Im* due to a harmh*ss individual variation, 
or result from the action of poisons or dis(‘ase. 

(1) Kkla'i ion ok llvi'EiuJLVc.KMiA TO (ftvcosrKiA. Assuming a glonn*r- 
ular filtrate volume of 120 c.c. j»er minute and a Tin,* of 300 mg. p(*r minut»*, 
considerable glycosuria will occur wh(*n tht* blood glin*ose exceeds 200 mg 

If the. I'm,, is greater or less tlian the average, the blood glu<*ose level at whi(*ii 
glycosuria is produced is correspondingly higher or low(*r (but st*e comment 
above). 

Sonn* pati(‘.nts with diabetes mellitus with a blood gbu'osi* level which is 
considerably raised do not hav<* tlie exjiected glycosuria. Such a finding 
may la* dm* : (i) o(*(’asionally to incn*ased Tm,; ; it is sugg(*st(*d that pro¬ 
longed hyjierglycsemia may stimulate the reabsorptive pow(*r of t he tubular 
epithelium, ejj. to a maximum of l(K) loO mg. p(‘r minuU* : (ii) much more 
(ajinmonly to decreased (jUnneralar Jiltration resulting from renal disease or 
circulatory failure. In the latter case tin* absence of glycosuria is of serious 
omen. 

(2) KiOLATio.v OK Vahiatioxs in T.m,; to (InvoosrkLx.-- (i) /fenal (jhfco- 
saria. This t(*rm is appli(*d to a condition in which the Tm,. is consid(*rably 
de])ressed without any other abnormality of renal function. Should.the 
Tm,; fall to 120 mg. per minute, calculation slnnvs that glyiaisuria would 
occur whenever tin* bhanl glucose level exceeds l(K) mg In r(*na.l givcosuria 
the glucose tolerance curv(* is flat (Kig. bSt;,curve K) owing to the h‘a,k of glucose 
into tin* urine. 

(ii) /*hl(tridzitt (jlt^eosaria. Kldoridzin in larg<^ doses paralyses the power 
of the tubules to reabsorl) glucose: i.e. the Tnij; may fall almost to zero, 
(ilycosuria then occurs at all bh»od glucose levels, ev(*n during hyj>oglyca*mia. 

(iii) Henal disease. In any condition in which tin* tubular epithelium is 
damaged a decrease in Tm,; occurs, (llycosuria may la* a minor manifestation 
in eases of renal disease in which the lesion is tubular rather than 
glomerula r. 

(3) AjaMKNTAKv (.Ilx(’ osriiiA. If large quantities of ])olysac(;haride 
(starch) or glucose are ingested, glyco.suria does not occur except in j)eople in 

^ The 'fat»le oa p. 41 sliovvs that before the Tm,; for the vvfjolt^ remil nniMH i.s reaehe«l 
.small aiiHMUjt.s of glueo.se may be pa.s.se(i in the urine. 
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whom the Tnin i.s low ; siicli ])er>j)le may exer(‘te small jimoLiiits of <rliicose 
in the urine. 

When larf^e amounts of glucose are ^nven by the mouth in man, the 
following results are obtained : 

(i) \\ ith amounts of ir)() 2(K) g. of glucose, no glucose is found ijj a ‘2 l- liour 
s|)(‘cim(Mi of urine. 

(ii) When 300 500 g. <are ingested, the slotnach empties itself very 
slowly. W'ater is altract(‘d osmotically into the stomach, gastric movements 
are inhibit(*(l, and the organ remains distended for hours witii a large volume 
of glueose solutions. Tin* stomaeli gradually empties itself into the small 
intestine wliere tin*, gliu-ose is absorbed in the usual wa v into the blood without 
an excessive* rise* (»f ble)e)d gIne*e)S(* and without the Tnij; being exee*e*de*d. 

(iii) W'ith ame>unts e)ve:*r 500 g. the limits of inge;‘stion are re'ached as nau.sea 
develops anel the glueose* is veiinitcel up. 


ARTERIAL 

PLASMA ^ 

GLUCOSE 
mg. per 100 ccm. 

GLUCOSE -► 

FILTERED 
mg.per min. 


GLUCOSE 
REABSORBED 
mg. per min. 


URINE 
GLUCOSE ’ 
mg. per min. 




NORMAL 


1 


GLYCOSURIA 
DUE TO 

HYPERGLYC/EMIA 


50 

1 

RENAL 

GLYCOSURIA 


Kui. .V.n. M<i(ic of ProdurtioM <»t IForms of Glycosuria. (Alter t'orcoran, 
('lerrluNti Clin. Qnnrlcrly, IU4.S, tH.) 


PUVSIOLCHiV OF .4NTFK10K FJTUiTAKY. CONTROL OK 
OROWTJl AND METABOLISM. CLINICAL SVNDROMKS 

It is convenient to indicate here where the dilTerent aspects of the 
physiology of the pituitary are considered in this book. 

1. Posterior LoiiE.-~ (i) Structure and functions witli special reference 
to antidiuretic hormone, p. 4 I. 

(ii) Role of oxytocin in ])arturition, p. 
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(iii) to secretion of milk, p. 1094. 

*2. Anterior Lobe, (i) Structure, ]). 42. 

(ii) Tlur fuu(‘tions of the unterior pituitary are numerous. It controls 

growth, es]u*cially of the bones, mu.scles and viscera. It regulates tlie 
metabolism of carbohydrate, protein, and fat. It controls tin* growth, 
developnuMit, structural integrity ami activity of the adrenal cortex, thyroid, 
testis, ovary and bn'ast. Six hormoJies have b(‘(‘n i.solated from the anterior 
pituitary in a pure or almost pure state, 'riiey are ; (</) growth liormone ; 
(b) adrenocorticotroj)hic honnom* (adrenocorticotrophin, A(^'I’II) ; (c) thyro- 
trophic hormone (thyrot ropliin, thyroid-stimulating honnom*, TSII) ; 
{d) follicle-stimulating liormone (KSH) ; (c) Iut(*inizing hormom* (Lll), 

identical chemically with interstitial-cell-sthnulating liormone (1(\SH) ; 
{/) [irolactin (lactogenic honnom*, lactogen, luteotrophin). .VII these* liormom's 
are* simple prol.t*ins exci*j)t (d) ami (c) which are glycoproteins (containing 
a. carbohydiate moiety). 

(iii) Kxtirjiation of ])ituitary, hi fra. 

(iv) (\mt.rol of the* secretion of its liorrnones, ]). it*)!. 

(v) Kelation to growth, (‘s])eciaily of the* sk(*l(don (growth hormone) ; 
gigantism ; acroni(*galy, ]i. 931. 

(vi) Kelation to g(*iieral inetabolism (“ diabetog(*nic. factor "), p. 93(1. 

(vii) Relation to adrenal (fortex (adrenoeorticotroj)hiii), p. 91(». 

(viii) Relation to thyroid (thyrotrophin), p. ttSO. 

(ix) Relatioji to t<*stis (interstitiabci'll-stimulating honnom* and KSll), 
p. 1113. 

(x) Relatiem to ovary (gonadotrojdnns in tin* lemah*, /.c. Ibllicle-stimulai ing 
hormone, hiteinizing hormone, prola(*tiii), p. 1()S3. 

(xi) Relation to breast (prolactin and other liorrnones), p. 1091. 

(xii) Clinical syndromes, p. 940. 

Extirpation of the Pituitary. The results of complete hypopliy- 
sectomy an* dm* in jiart to de])n‘ssed activity of otlier endocrim*s and in 
part to lo.ss of tin* ilirect ])ituitary influence on many organs and ti.ssues. 

(i) In young animals growth ceases (dicarjism) (p. 931). In adults no 
skeh’tal clianges occur. 

(ii) The thyroid and adrenal cortex atrophy ([>p. 9S0, 9l()). 

(iii) The gonads remain infantih* if tJie. operation is perfor?m*d liefon* 
puberty ; hy]>oj)l)ysectomy in the adult causes atrophy of tin* gonads. Lack 
of testicular and ovarian secn^tion })rodu(a*.s the exp(*cte.d elfects on tlie 
ac(*e.ssory organs of rejjroduction ami the s(‘comiarv s(*xua,l t*hara(’t(*rs 
(pp. lOGS, 1107). 

(iv) There are jirolound (thanges in m(*ta]>olisin due to lack of growth 
hormone, thyroxine, adn*nal corticoids, and possibly other less well-defined 
factors (p. 931). 

(v) Renal function is disturbed. Denervation or injury to the post(*rior 
pituitary jiroduces diabetes insipidus (p. 49). (annplete iiypophysectomv 
dejiresses renal function generally. There is a marked diicrease in glomeruhu' 
filtration rate, renal plasma flow^ and maximal tubular (excretion of diodrast; 
the diuresis wliich follows water drinking is greatly delayed. 

SiMMONDs’ I)isf:.ase ( Panhypopituitaiusm).—’T his is the classical clinical 
syndrome of grave anterior pituitary insufficiency in adults. It commonly 
follows severe 2 >ost-partum hajmorrhage which somehow leads to extensive 
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pituitary necrosis. Atro])hic changes are found in the gonads, thyroid and 
adrenal cortex. There is hypogonadism, ejj. decr('as(*d s])(Tnlatogenesis, 
decreasf^d secretion of testosterone and fiepression of the s(‘(;ondary sexual 
(•haraet(‘rs, iTni>otence ; arnenorrhma and sterility ; loss of axillary and 
pubic liair ; atro])hy and pallor of the skin. Then*, is mild thyroid deficiency, 
e./ 7 . tJjc B.M.R. falls to —20 (]>. 980). There is mild adrenocortical deficiency 
but gen(*rally no significant changes in electrolyte and \vat<u- balance* (p. 910). 
The usual decrease in the eosino])hil count in res]K)nse to intravenous infusion 
of adrenaline may ]>e abs(Uit (p. Ool). 'Fhe urinary output of neutral 
17-k(‘tosteroid.s is decreased iiiarkedly (e.r/. tr» 0 2 rug. , 21 hr. (p. 958). 
Following an injec.tion of insulin, tlie l>jood glucose fills norm;illy, but 
recovery occurs v(‘ry slowly (*' hypoglyca*mia unn‘sponsiveness ”). in sonu* 
(%‘ises wasting {cachexia) has l)een noted, but this finding is by no m(‘.aMS 
constant. 

Control of Anterior Pituitary Secretions.’ The activith's of the 
anterior pituitary are doiibtless ajvpropriaOdy coiitrollf^d to s.ifcguard the 
int<'rests of the rest of t he organism. The prestujt ])ositioii however is that 
wr* know more about the (vlfects produced by the pituitary tlnin about the 
factors influencing the pituitary itself. Nothing is kiiowm, for instance about: 
the control of the. secretion of the growth hormom^. But tliere is (‘vidence 
that the secretion of certain of the anterior ])ituitary liormoiu‘s is regulated 
by nervous and ljumoral mechanisms. 

(1) Nervous CoxVTrol.- - Direct or reflex stimulation of tlie liy[K>t}ialanius 
causes secretion of adrenocorticotrophin (p. 948), and of gona(lotro[>hins 
(]). 108:1) ; possibly secn^tion of thyrotro|)hin also occurs. V'et very few 
nerv(* fibres have been traced into the anterior f>ituitary and even these 
probably only su})ply the blood vessels. We have, therefore, t he paradoxical 
situation of the nervous control of a gland which has no significant jierve 
supply. Tlie (‘X|)lanation may be that the anterior ]>ituitaiy lias a double 
blood ."supply : (i) the usual systemic sujiply ; (ii) a special portal circulation 
from the hyjiothalamus. The arteries which supply the median eminence 
break up locally into capillaries which drain into veins ; these travel along 
the stalk of the pituitary to rctach the anterior lobe where they br(?ak up 
into a secimd capillary net. The liypothalamo-hypophysi'al veins are thus 
portal veins wJiich could carry “ products of hypothalamic activity ” to the 
anterior lobe. It is sugg(*sted that the hypothalamus releases one or more 
chenii(;al transmitters which are carried away in tin*, blood of these portal 
veins to the anterior lolx*, so regulating its activity. If th(‘sc jiortal veins 
are di'stroyed the nervous control of the anterior lobe is abolished. The 
nervous control of tlu^ anterior lobe is thus due to unideutilied humoral 
agents which travel a short distance in the blood ; these agents may be 
contrasted with the ch(*mical transmitters of the iinj)ulse in efferent nerves 
which act locally and the lior?non(‘s of the ducthjss glajids which are dis¬ 
tributed by the circulation all over the body. Tlie transmitters acting on 
the anterior pituitary may possibly be both adrenergic, and cholinergic. It 
is interesting to note that adrenaline stimulates tlu^ secretion of ACTH. 

(2) Humoral Control. —In several instances it can be shown that the 
activity of the anterior ])ituitary is regulated by the blood level of hormones 
secreted by glands which are umler pituitary control; this mechanism is 

^ Harris, Brit. mcd. J., 1951, ii, 627. 
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imolvtHl ill l liD DDiitrol of tlu* socivtioii of tbvrotropliiM, j^ojiaiititropliiiis and 
AVTU. . * 

(i) Tilvrotropliin stiniuiatrs tlio socretion of tliyroxiiu* by tlu: tliyroid ; 
tile le\ad of blood tliyroxiiu* in turn r<*^uiat(‘s thyrotropliin srerction : an 
incF’isisc' in blood tliyroxim* d(‘|)!V.ss<.*s tin* roloaso of thyrotrojiliin, wliil(‘ a 
(b'Drojiso of blood tliyro.xim* stinmlatos tlio rrloasi' of tliyrotropliin. Bolli 
jiiniitary and thyroid Ibnn part of a mutually interacting circuit, th(‘ 
activity of boidi glands b(‘ing a<ljusted to maintain tlie normal st-ate ol the 
body (p, 

(ii) T1 h‘ level of blood o'stT’ogcn n‘gulatcs tin* si‘cretion of KSII (p. HtS.)), 



(•'d.:. rt\\’2. KlV(‘t;l ui'C.irowtli MornioiK* on tJrowlli of Atliill 
I'crn.'ilf* lints, i hi jirifi Kvnns, l^nKjrrss Ilannniiv 

Hf/^itarch, lUlS, o.) 

.‘MiiiiiaU o-nivril ilmht M l 111:^. ol iriourfi Iioomoik' lor 
; M il mi:, lor n*‘\t MS .lay's: j-ci im:. for in \t (lays ; l-r» mtr. 
lor n* xr I I.» Uiiys ; iI-M m;:. for ii»-\i IMi; .lays. No irij.-nion-, on Sundays. 
< oiiirols rc« <-iv*-d tit* injection. 


(iii) Tile blood level of the adrenal corticoiils ma\ regulate the. rate of 

secretion of .\(yrH (p. 9bS). 

(i\J Testosterone has lillh* cHeiU. on the anterior pituitary ; the “ back¬ 
lash '' (or “■ fe<*d-back ’ as the physicists like to call it) from the testis to the 
pituitary luay be due to an unidentihe.d factor (p. Ill 1). 

(v) lb‘mova.1 of tlie thyroid, adrenals, ovaries or testes jiroducaNs histological 
changes in tJie anterior jiituitarv. 

Relation of Anterior Pituitary to Growth and General Metabolism. 

Three ch' tlie six hormones which have been isolated in [uiro or almost jiure 
form, are related to growth and metabolism. They are ; growth hormone 
(sornatotropliiii) ; adrenocorticotrophin (ACTIi) ; " thyrotrophin (thvroid- 
stiniulating hormone, TSII). 

(i) Growth hormone: its actions are fully describ( 3 d below. 

(ii) Adrenororfirofrophin : this hormone acts by regulating the growth, 
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integrity a,rnl secretory activity the adrenal cortex (jj. l)4f>). It is diseiissed 
l)eIow in so far as it is c.oncerned with ]iy}K)])hyseal diahetes and diabetes 
imdlitus. 

(iii) Thyrofraphitf : tliis liornione acts by regulating the growth, integrity 
anr] s<H*retorv activity of the tliyroid (p, 



Fici. 003.-- Hyper]ntuiUirism with Giant Ovorgrowtii. On the right is a 
normal siihjoot for oomparison (height o ft. 8 in.). On left is a ease of 
hy]»erpituitarism with giant overgrowth. XoU* the narrow ehe.st, large 
joints, hypotrichosis (defective growth of hair on body) and the large 
size of the hands. Harvey Cushing's <‘ase. (A'incenl. Infernal Seeretion. 
and DuclleJiJi (Uandu, Arnold.) 

(iv) Injection of certain anterior pituitary extracts produces a metabolic 
disturbance resembling diabetes mollitus (so-ca.llo<l hypophysml diaheies.) 
The active agents arc referred to collectively as the diabetogenic factor. A 
similar disturbance can be produced in some sj)ecies by pure growth hormone 
and in others by ACTIl. Possibly other substances which have not yet been 
identified with certainty may play a part also (e.q, glyeotropie factor). 
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Relation of Anterior Pituitary to Growth. Growth Hormone.^- 

This horinoiiti has been pr(*pared in the pure form ; it is a simple protein 
(mol. wt. 45,000). It is an indispensable eornjument of the eom])lex 
chemieal systems })r(‘seiit in tlie tissues which determine normal ^n*owth and 
diflerentiation. 

1. Experimental Evidence, (i) Aft(‘r hypophyseetoniy in young 
animals growth ceases ; injection of growth hormone restores the rate of 
growth to normal. 

(ii) If the hormone is injected into intact immature rats the rate of 
growth is accelerated for periods as long as 450 days. 

A B 



Tjo. 594.—FtKjial cliaijge.s in AorDinegaly. 

A. Wonwiii liin iM forc tin- (»f th<’ (UseaMO. iiim* woman IJO), with fully dr 

(-\rr<T If. Zorulrk, Krunkht^ Kmlnkr'nh'n /triist>n.} 


(iii) If injected into adult rats, overweight animals are produced (Fig. 592). 
The sk<'l(^ton is larger and heavier, and the principal viscera are enlarg(‘d. The 
degree of growth obtained is related to sex : it is least marktHl in normal 
males, greater in nornuil females, and further increa.sed in both sexes by 
removal of the gonads. 

(iv) In young normal dog.s receiving these extracts, changes in the skeleton 
resembling those found in human acromegaly {infra) have som(;times been 
produced. 

2. Clinical Evidence. -Tumours of the anterior lobe may be associated 
with over-8exTe4h)n- or with under-secretion— hypopituit¬ 

arism. When the latter condition develops in young people, stunted skeletal 
development (dwarfism) is a common feature. With hyperpituitarism, 
excessive skeletal growth occurs, the exact character of which depends on the 
time of onset of the disease. 

(1) Gigantism. —This occurs when hyperpituitarism develops before the 
union of the epiphyses of the long bones. The bones continue to grow in a 
‘ Li and Evans, Recent Progress Ilormont Research^ 1948, 3, 1. 


acrome(;aly 


regular iiifiriiier and l)ef;orne excessively long. Most giants who are seven or 
eight feet in height are examples of this disorder (Fig. 01)3). 

(2) Acromegaly. WJien hyperpituitarism sets in after the union of the 
epiphyses, acromegaly (literally, enlargement of the ])eriph(‘ral regions) 
results (Fig. 594). The bony changes produced in this disorder are as follows ; 
There is overgrowth of certain parts of the sk('leton, namely, the lower jaw, 
the upper jaw, and the malar boruis (i.c. the lower half of the face) ; then* is, 
(•ons(Hjiient]y, separatioji of the teeth. The hands and feet are enlarged. 
Then* is l)r>wing of the spine; (kv|)]iosis) ; the anten)-post(*rior diameter of 
tln^ chest is incn‘ased. The br'iit back, tin* big hands T’caching down to the 
knees, the protruding lower jaw, remind om* of the a,))t descriptive* piirase - 
“ a reversion to tin; gorilla. ty|)c.'* 

o. Mode of Action of Growth Hormone. -The mod<‘ of actiotj uf 
growth hfninone <'an now be. considered in greater detail. 

(1) The increase in body growth produced by tin* Jiormom* is due to a 
din*c1 a(‘tion on the tissues ami is indep(‘ndejit of any increased secretion by 
other endocrine ghuids (c.g. adn‘nal, thyroid, gonads). 

(2) The muscles and viscera, grow as rapidly as tin* skeleton and the body 
as a whole. 

(3) A(.'T[ox on Honks. After hyjjophysectotny a “(‘alcium barrier ” or 
chasing m(*ml)ran(* " aj>p(*ars which cuts oh'normal activity at the ejhphyseal 

line with the r(*sult that growtii oea.s<*s. On injt*cting growth hormone tin* 
membrane disappears ; the cartilage ce.lls at the e])iphys(*al line begin to 
proliferate and dinejvntiatc* once mon; into bom* and bom* growth is resinru'd. 

Membrane bone.s (e.g. those of the cranium) are unaffected by kypo- 
phys(*ctoniy ; bony tissm* anywhen* that l)as already been laid down likewise 
utidergoes no change. 

Inj(‘Clion of gn>w1h hormone (extracted from glands of catth*) into human 
pituitary dwarfs has. so far proved eompletely ineffective (possibly because of 
.sp(;cies dil]ere?ic(*s). 

(1) (Ienkral .MK'rAHOLK’ CiiANCJES.—Giowtli iiivolves the retention of all 
tin* materials nec(*ssary for the formation <»f fresli tissue, e.g. amino-acids 
for protein <ieposition, mim'rals, and water. As might be ex])ect.(*.d growth 
hormone affects many asju*cts of metabolism. 

(i) Growth hormone d(‘crea.scs nitrogenous excretion in the urine 
(Fig. 595) ; the retaine<l N is built up into tissue protein. 

(ii) The blood aniino-acid level falls, indicating that the amino-acids are 
being withdrawn from tin* blood more rapidly than they enter it. 

(iii) Sc'iuin alkalim; pliospliatase is increas(*d: this enzyjm* may be 
related to |)rotein synthesis as well as to ossiOcation (p. 1002). 

(iv) Jleserve fat is decreased, though strarlural fa.t (the lipides whicli are 
an integral part of tlu* cell architecture) is increased in amount. 

(v) Growth hormone (causes increased r(*tention of calcium and phosphate. 
The level of serum inorganic 2 >kosphate is increaseil (as it is in growing 
children and in acromegaly). 

(vi) The thymus like the rest of the body is stimulated to increased 
growth (the thymus is often enlarged in acromegaly). 

(vii) The yield of milk in lactating animals is increased (p. 1094). 

(5) Diabetogenic Action of Growth Hormone.— In certain circum¬ 
stances, growth hormone injected into normal animals produces a condition 
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rosenibling diahot(\s inollitiis; there is a rise of blood glueosti and doveloj)- 
inent of glycosuria ; reserve fat is decrea.s(Ml; tliere is ketonaania and ketonuria . 
According to Young, growth hornione is diabetogenic in tlie adult dog and 
cat but not in the ]ni])])y or kit1.e]i or in the pregnant or lactating adult dog 
or cat. It is not consistently diabetogenic in adults of other species studied. 
Tlie diabetic etfect is inon^ n'adily |)roduced after partial pancn^atc'ctoniy 
(owing to d(‘ticiency of tht‘ antagonistic lionnone, insulin) (cf. p. 988). 



DAYS 

Fjc. 505.—Effect of Growth Hormone on Body Weight and Nitrogenous 
Excretion in the Urine of Adult Female Bats. (Li and Evans, 
Recent Progress Hormone Research^ 1948, 3, 14.) 

Duriug the injection T)erio(i tiie nitroffeiious excretion in the urine was decreased 
ffroni ai)Out 340 mg. to ai»oiit 230 mg. daliy), and body weight Increased {from 27.'> 
to 200 g.j. 


It is not at all easy (for the uninitiated) to understand how a hormone 
which promotes growth should also be able to produce diabete s, a condition 
which involves wasteful transformation of protein into glucose. The question 
is discussed again below. 

Relation of Anterior Pituitary to Metabolism and especially to 
Diabetic Syndrome J -This subject is complicated and confused. As 
already explained crude anterior pituitary extra(;ts are diabetogenic. It 
^ Bennett and Evans, in The Hormones, N.V^., 1950, 2, 405. 
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will b(* corivcMiinit for purposes of discussion to ^;:rou[) all the diabotogenic 
substaTiccs ill anterior pituitary extracts together and refer to th(*ni as 
tlnnigli they constituted a physiologicail entity, the diaheimfemc factor. 

(1) A(’TI()N of ‘M)iAi{KTO(iF\ic Factok.” (i) In th(‘. liver it ])roduces 
the opposite e.(f(*ets t-o those* of insulin. Thus : (a) it increases tin* conversion 
of glu(M)gens (glycogen and ami no-acids) into glucosi* ; (Ij) it increases tlie 
conv<*rsion of fatty a,(;ids intf> kidoiie bodies. 

(ii) (a) In the fissiu's it inhibits the conversion of glucosi* into 
hexose-t»-phosphate, thus ])reventing its introiluction into the metabolic 
nwichinerv of the c(‘ll ” (|). ‘.)J 1). This inhibitory acition of anterior pituitary 
extracts is antagoniziai by insulin, {h) It stimulates the conversion of tissue 
}>rotein into amino-acids, (c) It mobilizes depot fat. 

(iii) It may directly neutralize insulin. 

(iv) It may damage the islets (metahypophyseal diabetes, p. 918). 

In some species many of these actions can be reproduced by growth 
hormone, in others by ACTII which acts by releasing adrenal corticoids. 

(2) Effects of Hyfophysectomy in Normal Animals. —The main 
disturbances are due to loss of the diabetogenic factor (as defined above) 
which is supposed to be normally secreted steadily into the blood. Normally 
the action of the ant(U‘ior pituitary factor and of insulin on the liver and 
tissues are nicely balanced, as shown below : 

Ant. Pituitary 

Glucogens in Liver ^ Glucose in Blood 

Insulin 


1 nsulin stimulates 

Gluc()S(^ in Tissues . . > llexose Phosphate 

Anterior Pit. inhibits 

hi tin* abseric(‘ of the pituitary factor, gliictigmiesis by the liver is dejiressed 
by the unopposed action of insulin and even if the diet is adecpiate, the blood 
giucos(‘ level falls by 20 .‘JO mg below that in normal controls. 

'IMie etlects of hypophysectomy on glucose* uptake by the tissues have not 
been satisfactorily determimMl ; it is probably incn*a,sed, thus aggravating 
th(* tendency to hy{)oglyca‘mia. 

In hypophysectornized animals, a period fasting (which does not dejiress 
the blood glucose in intact animals) .soon produces hypoglyca^mia whicdi 
develops rajiidly and may be fatal. Protein given by mouth raises the lowj 
blood glucose level; i.e. the amino-acids derived from the food protein can; 
be converted into blood glucose ; food fat, however, is inelfective (Fig. 596). 
Thes(i results suggest that after hypophysectomy neither food fat nor depot 
fat can “ spare ” body glucose ; food protein^ hut not tissue 'protem, can be 
converied into glucose. Now, during starvation in the intact animal, tissue 
protein is broken down on a large scale to give rise to amino-acids. As alr(*,ady 
mentioned the hypophysectornized animal can convert amino-acids, absorbed 
from the bowel, into glucose but it cannot maintain its blood glucose level 
when fasting. It seems, therefore, that after hypojihysectorny tissue protein 
is not converted at the normal rate into amino-acids. 

30* 
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( 3 ) EkFKC’TS ok HYPOrHYSKCTOMY TN PANCREATEOTOMIZED AnIMALS.— 
Removal of the pituitary in pancreatectomized animals produces striking 
results, as was first demonstrated by Houssay. There is a marked improve¬ 
ment in the clinical state, and hyperglycjcmia and glycosuria may pmctically 
disappear ; ketosis is generally absent. Such a IJousmif animaly as it is usually 
called, may live for months without special treatment, but its existence is 
always somewhat j)recarious. It becomes increasingly undernourished and 
finally dies, the longest recorded surviv'al period being 9 months. The blood 
sugar in lloiissay animals shows wide fluctuations. Fasting produces the 
same hy])oglyca‘mic (dlect as in tin* liypophys(‘ctonnzed animal. After a meal 
the blood glucose ris(*s to 200 or 3(K) mg- % a^id glycosuria may consequently 
(h^velop. The degr(*e of glycosuria. d(*]M*nds on the sp(Hdes and the kind of 
food eaten ; a carbohydrate- or ]>rotein-rich meal raises the blood glucose 
(Fig. 597 ) ; a high fat diet has no such effect. 



iSoskii) fit a/., A mar. J. Physiol, y 1935, 774, HO.) 

High fat (ih't ; 11 K. uf <»live oil jaT kg. 

Hifih i)rot(nn diet; 11 fg. of i>rotf?in (as Itvin nimt) per kg. 

On tliH iiigh protein the hlood glucose Ls maintained at’a level of 40 50 nig/lOOcc. 

On a higli fat dii i and iluring fasting much more severe hypoglycsornia develops. 

The Houssay auima.l is very sensitive to : (i) the action of anterior 
pituitary (extracts, which raise the blood glucose and produce glycosuria and 
ketosis ; (ii) the action of insulin, w hich jiroduces a striking hypoglycoemia 
which can be fatal. 

The observations descrilx'd above demonstrate that the diabetogenic factor 
is concerned with the normal regulation of metabolism. How its rate of 
secn^tion is adjusted in accordance with body needs is uncertain. 

\Vh(‘n tin*, islets an* removed the resulting diabetic syndroim^ is partly 
due to the unoj)posed action of the pituitary ; if both the islets and the 
pituitary are removed, the two main regulators of carbohydrate, protein, 
and fat metabolism are absent, but on a suitably adjusted diet the animal 
remains fairly normal; but because it lacks the usual regulatory and com¬ 
pensatory devices, its condition is precarious and its blood glucose and general 
condition fluctuate widely with changes in the diet (Fig. 597). 

(4) Effect of Adrenalectomy in Pancreatectomized Animals.— 
In some species adrenalectomy has the same effect as hypophysectomy in 
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auieliorating the dialietie syiiipioms. 1'he .idn'nal cortlcoids thus have 
actions which are antajj;onistic to those of insulin ([>. itir)). As might he 
expected, injection of corticoids (e.g. cortisone) aggravat(*s the svmptoins of 
clinical diabetes niellitus. 

(5) Glycotroj’ic Fai^tok (Young). .This suhstanei; (which has heiui 

extracted from the anterior jiitiiitary) has na dirvct action on. the blood (jlucosc. 
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Ft«. T)!)?. InhuoTiw of Size of Protein Tnt.-ike ati<J of Kaslinp: on Hloofl Glucose 
Level of Dogs in which hoth the Pituilarv and Panensis had heen removed. 
(After Soskiii cl al., Amer. ,J. Jdn/aiul.^ 11)35, III, 110.) 

The dog fasted ou «liiys 2, 4, aiul S. It was fed on days I, :>. and 7. On days l and 3 
the protein intake was high (400 g. and :t7s g.). On dav 7 the {Motein intake was low 
(90 g.l 

Note fall of blood sugar: (i) at night; (ii) by day when fasting ; (iii) on a low protein diet. 


levely but decreases tlic blood glucose lowering action of insulin (Fig. 598). Its 
absence is alleged to account in part for the enhanced insulin sensitivity of 
the hypophysectomized animal; the presence in excess of such a substance 
may account for some clinical cases of insulin resistance (p. 927). 

(6) Relation of the Pituitary to Clinical Diabetes Mellitus.— 
From the above discussion it is clear that in considering clinical diabetes 
mellitus the anterior pituitary must be constantly kept to the fore as an 
important factor. It may damage the islets (p. 918); it may diminish respon¬ 
siveness to insulin secreted in normal amounts by perfectly healthy islet 
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tissue (glyeotrojuc factor) (p. 939) ; or it may actively disturb carbohydrate, 
protein, and fat metabolism in the presence of tlie normal pjincnias (p. 937). In 
the ]>;mcreatectomiKed animal, or in a patient with primary islet deficiency, 
many of the symptoms an' due to the unopposed action of the diabetogenic* 
lactor. TI)o frecpient (dinieal asscuMation of j)ituitary disease (e,(]. aeronuigaly, 
Cushing’s disease) with diabetes mellitus thus acquires an added significan(*e. 

Clinical Pituitary Syndromes. Either increased pituitary secretion 
(A/ypcrj)ituitarism) or diminished activity (//?/pf>j)ituitarism) miiy occur.^ A 
stJite of hyp(‘rsecretion may latc'r dt'getu'rate into a state* of under-activity. 
Ajjain, difierent functions of the gland may b(* affected simultaneously but in 

different directions. To such complex 
derangements of function the term 
dy^pituitarism is applied. 

(1) SiMMONDs’ Disease. —- See 
p. 930. 

(2) Milder Syndromes of Hypo¬ 
pituitarism. —The following changes 
are commonly found. 

(i) Stunted skeletal development 

(infra). 

(ii) Depression of sexual function. 

(iii) Changes in skin and hair : in 
the male the beard and axillary hair 
are scanty, the pubic hair is of 
feminine distribution, the trunk and 
limbs are hairless. In children the 
skin is smooth and delicate ; in th(‘ 
adult it is dry, wrinkled, and atrophic ; 
the secretion r)f sw(‘at is diminished. 

(iv) Adif)osity is fairly common, 
and there is a ttnuiency for sudden 
fluctuations in weight to occur. In 
children thci fat has a feminine distri¬ 
bution, but in adults the subcutaneous fat is grossly excessive in most 
regions. 

(v) Mental baerkwardness. 

(vi) Lowered basal metalxdic rat(‘. 

(vii) Polvuria, which may be intense (due to lack of antidiuretic hormone, 
p. 49). 

All or only certain of these features may be present in any individual 
case of this disorder. 

When hypopituitarism develops in childhood it may assume the following 
forms : 

(i) Frohlich's syndrome (dystrophia adiposo-genitalis): several pituitary 
functions are disturbed ; the children become stunted and stupid or quite 
idiotic. Th(j genitals are, hypoplastic, and there are diffuse deposits of 
fat. 

(ii) Lorain type: mentally, these patients are normal; general metabolism 
is unaffected. But skeletal growth ceases and the secondary sexual characters 

^ Slirohan fi/ «/., Quart. ./. med., 104U, /X, 310 ; lirit. mexl. ./., 10r)0, i, 020. 
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do not apjH'iir. hlvon wIkmi tl»oy aiv. of adult age tlie.y re.sonihle attraetivi* 
and graceful (diildn^n.^ 

(3) DiAfiKTKs Insipidus. See j). 49. 

(4) Hypkkpjtujtakism. —In l)(»tli gigantisni and acromegaly an (*osino])liil 
adenoma of the ant(*rior lol)(^ of the ])ituitary is ]>resent (p. 44). Tin* 
skeletal chang(‘s in these comlitions w(n-e de.seril.)e{l on p. 9,‘54 and are due 
to ov(*r-s(‘cretion td* tin* growth hormone. The other important features 
of acromegaly are as follows : (i) (ilycofatria of extreme variahility (some of 
these cases may di(‘ in diabetic coma) ; it is reli(‘V(*d by insulin, (ii) There 
is consid(n*able rovaccfirc fissue hyperplasia llie subcutaneous tissues of 
hands, feet, nos(‘, scalp, and li|)S are markedly thickened ; the skin is stiff* 
and inelastic. I)(‘ej» corrugations are present in the j)alms of the hands and 
on the seal]), (iii) S treat ivy is very ])rofuse. 

When th(‘ disease ])rogr(*sses, as it usually does, to ]iy])o-activity r)f the 
gland, tin* clinical j)icture is altered. 'Phe skcdetal chang(‘s are. of course, 
iixed and (cannot lx* affected. Sexual activity diminishes the males become 
impotent and, in the feinah*, tin* menstrual How ceases. There is cxcessiv(* 
<l(‘])osition of fat in the subcutaneous tissues, (iraduaily increasing weakness 
develo})S, and finally death re.sults. 

The tumour may press on adjacent structures, e.y. on the decussating 
fibres in the oj)tic chiasina, causing loss of the temporal field of vision in each 
eye (Fig. •3f)(), ]). OSU), t)r on one optic nerve, (*ausing unilateral Idindness. 

(5) (h\sniN(j*s SvNDHo.VK. See ]>. 96r.). 


KKdULATlON OF OROWTil 

V '' Regulation of Growth.- .A distinction must first lx* drawn b(‘tween 

growth and differentiation. Uroteth consists in an increase in the number 
and si/.e of the cells of an organ or tissue ; by (liJJ'erevtiatiov is meant iiie 
transformation of a Jiomogeneous group of cells into two or nion* grou])s 
of cells differing with resi)ect to Iiistological or physiological j)ro])erties. 'IMie 
increase in tlie sizi* of the fertilized ovum as a result of the initial stag(*s of* 
cell multi])lication is a process of simj)le growth ; the subs(*quent formation 
of the s])eiMalized layers of echxlerm, mesoderm, and endoderm is a process 
of dilferentiation. The processes of differentiation Avhich lead to tin* a])jx‘ar- 
ance of the many specialized organs and tissues of the fmtus form one of 

^ Another el.'is.sieal syndrome hitherti» attributed to juvenile bypopituitarisni is the 
Jirissaud typ(U exemplifieti by the “fat boy" (JotO in Dickens’ PirliruL' Payers. It is 
more probable however that this eonditioii results from a lesion of the* byj)o1 halamus. 
'Phe outstanding symptoms in Joe’s ease were glutlony, gross obesity (“ the leaden eyes 
which twinkled behind his mountainous cheeks leered horribly ujion the food as he 
uni)ack(*fl it from the basket.”) and frequent, attaeks of soninolenee ; the obesity was 
presumably secondary to the gna'd. On the box sat a fat and red-faced boy in a state 
of somnoleney. . . . Joe !—damn that boy, he’s gone to sleep again,—Joe, let down the 
steps. . . . Mr. Winkle mounted to the box, the fat boy waddled to the saint; perch and 
fell fast asleep instantly.” During the military exercise at Rochester “everybody was 
excited except the fat boy and he slept as soundly as if the roaring of cannon were his 
ordinary lullaby.” “ He’s always asleep. Goes on errands fast asleep and snores as he 
waits at table.” A similar condition has been produced by appropriate experimental 
hypothalamic lesions. 

“ White House Reports, Growth, avd Development of Child^ Pts. 1. TV., Mew York, 
1932. 
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the subject rnatters of eiiibryoloj'v and will not l>e considered here. During 
the first three montlis of hnnuin intra-nterine life little actual growth takes 



0 4 6 8 )0 12 14 16 16 

Aqe in Years 

r>‘.)a. (JciHTJil (Jruwlli Curve iu Mul<*>;in(l 
Females. (117///#’ JIousv 1,'iports^ 


but after the age f»r lo lb the boys 


f»lace; this process is greatly 
accelerated during the later inontlis 
of pregnancy. After birth the 
general growth curve shows four 
distinct ])hases (Fig. 599) : (i) a 

rapid increase during infancy and 
especially in the lirst year (from 
S to 20 lb. in weight) ; (ii) a slow' 
pTvigressive grow'th from the age of 
3 to 12 ; (iii) Tnark(*d acceleration 
round al>ont- puberty, from the age 
of 12 to 15 ; (iv) a slow' t(M*minal 
inennnent. Th(‘ growth curve show's 
distinct srx dillenuices. Until just 
belbre puberty the boys are heavier ; 
the earlier incidenc*e of puberty in 
girls causes them tol(*ad t(*mporarily, 
gain once more and i»iaintain their 


advantage throutiliout adult life. These sex differem^es a[>ply not only to 
growth as a whoh*, but als<» to that of the individual organs. 

The (fCiHxal (/mfrlJi rurrr appli<‘s to t.he skeleton as a wdiole, the muscles, 


and the viscera in tin* thorax and 
abdouHMi (Fig. tied, curve* (^), Certain 
parts of th(; body hav(‘- distinctiv<' 
grow til (Mirves. Thn‘e main sp(?cialized 
tv})es are recogniz(Ml : 

(i) AV/V7V7/type. Then* is a raj>id 
initial increast* in size, so that the 
organs reach almost their final jnaxi- 
mum in the first few' y(*ars. This 
applies to the? brain as a whole and 
its various parts, the spinal cord, the 
eye and other |)arts of the visual 
mechanism, jiarts of the auditory 
mechanism, and, naturally, to tin* 
size of the head (Imt not of the face) 
(Fig. fifM), curve li). 

(ii) Lj/mffhftifl type. Tin* lymphoid 
tissues including the ihiiwuH (and, be 
it noted, the fonsils and admoids) 
normally reach their peak at puberty, 
aft(‘r which they decline l,o vlie adult 
level (Fig. fi(K), ciirvi* A). 

(iii) Re prod u dire tyjie. Tlie 
gonads and the accessory organs of 
reproduction remain (piiesc(*nt till 
puberty, wrlnm growth sets in and coi 
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(iUO.—Gniwth Curves of different 
TyjM's of Organs. {White. IJouse 
He ports, 1932.) 

A. Lymphoid typr. OcrifrnI t.vpo, 

Jt. Nninil typr, I>. Jtcproductive typ<‘. 

lines rajiidly througliout adolescence 


(Fig. 6(X), curve D). 
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Factors Controllinc (^rowtii. —The degree and rate ol‘ growth is 
inllueiiced by many factors : 

(1) The inherent j)roj)erties of the fertilized ovum itself, which (lef)end 
on the charact(;rs present in the chromosomes of the sperm and ovum. 
Growth thus varies in dillerent races and in diffenmt members of a race. 
The internal and external environment of the body can at best bring out 
the growth potentialities to the full, but can normally do no more ; on the 
other hand, imperfections in the environment may lead to a failure to realize 
the niaxiiiium inherent growth possibilities. 

(2) Ill-health from any cause temporarily de])resses general growth, but 
during recovery tin* lost ground is made good again, more or less compl(‘tely. 

The factors inllueneing growth about which most is known are the 
dietetic and endocrihe. 

(3) Role of Diet. — On j)p. 1051 el seq. is set out our present state of 
knowledge of the composition (qualitative and qinintitative) of a satisfactory 
diet. If the diet is deficient in any way, growth will be impaired. It is highly 
likely that present so-called “ normal ’’ standards for height and weight do 
not re])resent the maximum potentialities, but are average iindiiigs in i)eo})le 
who have not had a perfect di(*.t. In many instanc(\s supphnnejitarv rations 
of milk and other high (|uality foodstuffs have produced higher growth 
standards in seemingly normal children 

(4) Ri^de of Endocrines. —The growth hormone td the anterior pituitary 
(p. 934) regulates the growth of the skeleton, muscles, and visccua. The thre<^ 
gonadotrophic hormones (p. 1083) regulate the growth (and differentiation) 
of the gonads; the sex hormones (pp. 1075, llOl) in their turn control the 
growth (and development) of the accessory organs of reproduction. The 
thyroid (j). 98()) regulat(‘s general growth, presumably by its action on tissue 
metabolism ; ])ituitary thyrotrophin acts indirectly via the thyroid. The 
parathyroid glands (p. 1008) are related to the integrity of tin* skeleton 
rather than to its growth ; in certain tumours of the adrenal cortex, growth 
may be modified (p. 9(i7). The sj)ecial growth changes that, occur during 
pregnancy in the ultuus, vagina, breasts, and else when*, are controlled by 
hormones (for references see p. 1087). 

THE ADRENAL CORTEX ^ 

The adrenal gland is made up of two distinct organs, t he adrenal cortex 
and the adrenal medulla, which differ in th(*ir histological structure, cf>m- 
parative anatomy, development, and functions. 

Structure of Adrenal Gland. —(1) Adrenal Mp:T)nLLA..The medulla 

consists of irregularly arranged cells, some polyhedral and otluTs indtdinite 
in shape, which contain granules of the internal secretion, probably adrenaline 
and nor-adrcnaline. Oxidizing agents like dichromates (or iodates) convert 
tlie granules into a hrow'ii oxidation prt)duct wdiich gives a characteristic 
colour to the cells ; for this reason the inedulJary cells are sometimes referred 
to as chromaphil tissue. The medulla has a rich sympathetic innervation. 
Its physiology is dealt wdth fully on pp. 723 et seq. 

(2) Adrenal Cortex. —The cortex of the gland consists of columns of 

» Noble, in The Hormones, N.Y., 1950, 2, 65. Symposium, Ann. N.Y. Acad, 

1949, SO, 609-678. 
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p(>lyh(*(lnil colls with woll-inurkod !iuc,h‘i. The colls an* iin'iinjiocl in thr(‘(‘ 
zones : (i) oiitcn* Zfnui (liotnentlond where the colls lio with th(‘ir lonu axis 
])arallol to the surfaito ; (ii) middle zona fnsvictihfn which consists of columns 
which li(‘ vortical to the siirlaco ; (iii) inner zona rrfiralaris wh(‘ro the colls are 
arramrod irroonlarly, l(*avin^ wide hlood spaces. The cortex has no nerro 
■*^a/fphj. 

The <*o11s of tin* cortex have a hijih lipidt* cont(‘nt ; tin* chiol' const it nont 
is choJrsfcrol, mainly in the ester form, which is the precursor ot the adrenal 
cortex hormones (rortirnlds). The lipi<l(‘ i;rannh‘s an* nsidily staim*d with 
Sudan TII {sadanojiln'l (jmnuirs). Soctiotis stained iti this way. obtained from 



Klc, not. - HistA|)jn*araiu-<* of Adnaial (^irtox Slaiiird willi Stalaii III 
under nillcrent ( oridition.s. (Sayers and Sayers, liecfinf itonnom 

lic-se.arrh, I IMS, SI.) 

Ailroiial “Dili iiimId rat'-, lllai’k ami wliiti- n |»ruiiiif1iDri ut ‘•n•liDll•' ('taiticij with 

Sudan III. l»ark .''‘aininj: iiiati rial K ^>U)laIlD|•hil >uli--fann-, iiiainly <'.»()''„) rliDli'.-ti rDl 
1. Ooiitrol. NiiTi- dl l |» ^t.ai^illLf uf zdhu LdDini rnlDsa witlj iiarniu rli*ar liand dri'|i to it. /ona 

ra>i‘ii'Mlat.a if dri'|dv staim-d : zmia ndii-ulari' i- iiiistaiiMMi. 

L'. 'I'liri'f liDiiif altrr injcitiDii nf "J iniz. •*! Ai'l’ll. .Aliiiost i-Diiij'Irt*' disa|ijM-aranf<- nf sudanDphil 
i:r.iniil>-i. 

d. 'I'wi-ni.y-lDiir iioiir.- after a hcrir,'. of injn-.tion.s of Ac ril mer a ]n-riDd of tlirn- rlavs, 'fin* rorirx 
hyiirrtroiitiii'd ami |iaek<‘d alnio.sl uiiifoniily with .siidanophil itranuli'f. 


an animal under ^ood eiivironm(*ntal conditions, show a narrow clear an*a 
d(*ep to the zona ^lomerulosa ; tlie zona, rethailaris is also poorly strained 
(Ki^. hOl). Th(‘ cortex is alsf) rich in ascorbic acid which is pttssibly con- 
e.eriK'd with the, synthesis of the corticoids. 'Idle size of the cortex, its 
histological appearance aiul chemical conifiosition vary witlely with diir(*redit 
environnumtal conditions. 

Th(‘ ].»hysiology of the adrenal cortex is dealt with fully below. 

CoMPAKATiVK Anatomv. Ill (dasiijobraiich fishes no adrenal gland is 
}>r(isent. Lying Ixitwemi the two kidneys is an elongated body, the inter-renal 
bodjj which structurally closely resembles the mammalian adrenal cortex. 
Adjacent to the ganglia of the lateral sympathetic chain arci masses of cells 
giving the chroma,phil reaction, which together represent the adrenal medulla. 


EFFK( TS ()F A1)RENALEC:T()MY 1)A5 

KMhRY()i.()(JV. The .‘Klninal (‘orlcx is jiicsohlMstic in origin and (J(^vnlo[>s 
from cl thickening of tJic eadomie epithelium on eitln*]* side of tin* root of the 
niesentiny. The adnojal medulhi is developed from a mass of cells which 
first lie? close to tin* root, ganglia, and lat<*r migratt? out to diiT(?rentiate into 
the sympathetic nervous system and the chromaphil tissued 

Effects of Adrenalectomy. —The adrenal cortex is essential to life. 
If both adrenal glands are e.ornj)h‘.t(*ly removed death results in most spet-ies 
in d or 5 days unless accessory cortical tissue is present. If the medulla 
alone is destroyed «)r if a small fragment of cortical tissue is left in the 
laxly no serious effects arc ol>st‘rved. (Complicated disturbances follow on 
adn‘nalectomy. 

(i) The animal loses weight rajiidly and Ixxiomes weak and uncertain on 
its legs. 

(ii) Tliere are mark<xl cliariges in fluid and i(mic balance, wdiich are in 
the main secondary to disturbed renal fun(‘tion. 

(iii) Tin* metabolism of carbohy<lrate, prot(‘in, anil fat is dmanged. 

(iv) l)eatb finally occurs clnefjy from c.ireiilatory and n‘nal failure. 

Injection of adrenal cortex extracts into an adr(.‘nalectomiz(*(l animal 

produces marked beiif‘lit or full recovery. The active agimts are t(‘rmed 
rorficoids. All thosi* that have becui isolated in a. (;hemically pur(>, state are 
steroids. In addition a highly active amorphous material of unknown 
chemical comf)ositiori (aooofdotHs fraetioo) lias h(‘(‘n extracted from the 
gland. No oni* km,»ws for certain which of the adrenal st(‘roids is the actual 
intiirnal secretion of the gland. (l})inions dilfer as to whether the e.ortex 
secretes om^, two, tlin*e or ev(‘n more separate hormones. There is also a. 
common tendency (wliieli must he avoided) to regard the adrenal steroid 
which ha})p('ns to be available in largest amount for experimental or clinical 
study as tin* naluial hormone of the gland, 

I’he chemistry and actions of the adrenal steroids are discussed on 

|). 957. 

Functions of Adrenal Cortex. The cliief known functions are 
summari/.ed bi*low : 

(1) (i) It acts on the renal tubular epitljelimn .stimulating the reabsorption 
of Na * (and Jess n*giilar)y id’ (T) into the bhxxl t hus conserving iJie Na * 
(and CV) cont(*nt of the extracellular fluids. It d(‘[)resses tin* reabsorption 
of K ' . Di.sordcrs of ionic and fluid balanci* occur in states of decreased or 
incn.'ased cortical activity. 

(ii) It acts similarly on the sweat glajids and possibly on other glands 
(c.f/. the salivary) d(*crea.sing the Na"^ (and more irr(*gularly tlie d') content 
of t he secretion. 

(2) Tlie adrenal itortex regulates (/nteral nn*tal)(>lism, i.e, that of carho- 
hydra-te, protein, and fat. 

(i) .'Vdrcnal cortex extracts are diabetogenic.- Like the anterior pituitary 

^ Aockssoky Adjiknal Tissce.—A ccessory adrenal tissue is found in various regions 
in inainnials. (Common situations for accessory cortical tissue arc tlie retroperitoneum, 
the surl'ace of the kidney and liver, the space between the testis and the epididymis in 
the male, and the vicinity of the broad ligament in the female. Accessory chromaphil 
tissue may be found in the sympathetic ganglia and in front of the abdominal aorta. 

* As explained on p. 930, in some species the diabetogenic action is mainly due to 
growth hormone, in others it is mainly duo to ACTH stimulating the secretion of adrenal 
cortii'oids. 
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(liabetogenic fa(‘tc)r they stimulate iicogluougeiiesis in tlie liver from amino- 
acids ; they also inhibit the uptake of glucose by the tissues by ]>reventing 
its conversion into liexos(? phosphate (p. 013). 

(ii) Adrenal coitex extracts ])romote the bn*akdo\vn of tissue juotein to 
amino-acids. 

(hi) They mobilize fat from the depots and increase its breakdown in the 
liver into ketoin* budies. 

(iv) Unlike anterior pituitary extracts they increase the deposition of 
glycogtni in the liver. 

(v) In th(* main the elha-ts on nnhaholism of adrenalectomy reseml)le 
those of hypophyseetomy. Over-secretirm oj“ tin* adrenal coitt‘x produc(*s a 
condition resembling mild diabetes imdlitiis. 

(3) Th(‘ adienal cortt'x through its hormone enabhvs the body to cope 
more effectively with adverse envirommnttal conditions designated colh‘ctively 
states of sfntss. Tin* exa(*t way in which this beiu'licial intluence is produc(;d 
is not known (j». tUT). 

(1) The adrenal cortex controls the activity of the hfnipluntt tissues 
and the blood eosinoplul level (p. ttjl). 

Control of Activity of Adrenal Cortex. The main n*gulator of tiie 
activity of the adn'nal cortex is the aut(*rior pituitary throiigii its hormone 
admnH'oriivotrophin (J(’77/, corlivolrophin). It c<.)ntruls the growth of tlie 
cortex, maintains the structural and functional ijit(‘grity of its cells and 
stimulates its secret(uy activity. The methods of study inclinh* : 

(i) J.)et(U-inination of the .size of tin* adrenal cortex. 

(ii) liistological examination for changes in tin* size of the ijjdividual 
cells and the distribution and amount t»f siidanopJiil granules (wliicli are 
directly relat(id to the chole.steroi ester eontent). 

(iii) Chemical determination of the eonceiitration in tini f'cjrtex of 
cholesterol esters (the precursors of the corticoids) and a..scorbic aciil (winch 
may l)e involved in centicoid synthesis). 

(iv) Changes in the organs, tissues and body fluids which are attributable 
to the action of secrc.t(*d adrenal cc^rticohls. Useful cJiniad indices are ; the 
blood eosinoi)hil count (]>. 951) ; the content of sweat (j). 952) ; the 
amount ol innitral 17 -k(*t()steioids and corticoids (so-called 1T-oxyst-eroids) 
excreted in the urine (p. 952). 

Action and Role of Adrenocorticotrophic Hormone (ACTH).— 

The action of ACTll in man is rnaiidy diseu.ssed els(*w here (pp. 951, 9(14). 
Its role in regulating adrenal cortex activity is (*onsidcr(‘d below'! 

(1) Effkcts of ilvi*OFnysE(TOAiv. Tliis is follow'ed by atro|)hy of the 
adrenal cortt^x. As the conversion of tin* [)recursors into active hormone 
and its secretion into the bkxKl is greatly de])r(?ssed, the cells remain well 
filled with clioh?sterol esters and ascorbic a<ud. The secretory activity of 
the cortex does not wdjolJy C(*ase but continues at a low leVel, wdiich is 
adequate for optimal environmental cojiditions, f)Ut not for (conditions of 
stress. The animal does not die of adrenal insufficitincy. Similarly, ])atieiits 
with Simmonds disease (in which the anterior ])ituitary is severely damaged) 
do not show signs of Addison’s disease. 

(2) Injection of ACTH.—This profoundly atfects the adrenal cortex. 
A single injection causes rapid secretion of corticoids with exhaustion of the 
store of precursors : the sudarioj)hii granules disappear and the concentration 
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of cholesterol esters and ascorbic acid falls rapidly (Fig. (iUJ). Subsequently 
th<* precursors are fully restored. 

The gland cl)olest(uol is derived partly from blood clioJe.st(*rol ; after 
an inje(!tion of A(/TII tlie level of blood cholesterol (‘ster temporarily falls. 
The gland cliolesterol ni«‘iy als(» be synthesized IcKJaliy from “ acetic acid 
fragments ” (p. 799). 


If th(* injections of ACTH 
rate of replac(Mn(*nt of the 
precursors rises and keeps pa(.^e 
with the rat(‘of secretion, 'fhe 
gland becomes considerably 
enlarged (Fig. bOl) ami well 
packed with sudanophil granules 
which also extend into the 
deeper part of the cortex (zona 
reticularis) ; the concentration 
of cholesterol esters and as(‘orbic 
acid remains iiornial. Changes 
occur in the organism resemfil¬ 
ing tlio.s(* produced by injection 
of adrenal cort(‘X extracts 
(p. 9tM). ACrril has no jiliysio- 
logical elfects in the absence of 
the adrenal cortex; all its 
a(;tion.s are tlnis mediated by 
the cort(?x. 

(d) 0 VKH-SKC'nKTJOX OF 
A('’TM produc(ss a syndrome 
of hy])ercortism (Cmfiin^'s 
Sfpidrome, p. 965). 

(4) Resconsk to Stuess. 
Many adverse conditions (staffs 
of ainu^s) internal and external 
cause a secretion of adnmal 



corticoid. The.se include the 
administration of ana’sthetics 
like chloroform or ether, in¬ 
jection of insulin producing 
hypoglycaRinia, diphtheria or 
tetanus toxin, infectious 
diseases, histamine, luemor- 


t'lo. 602.— llesjKtnso of Adrenal t’nrtox to Stress 
(Sayers and Sayei's. Ihrcvl Progress Hormone 
Research, 1948, 2. Si.) 

r]>|icr Ki-i!ord ; 'J'ypt* 1 rosponsi*, to aiiddt^n short-lasting 
stress. 

tower Ihvord : 'J’ypc II n‘spoiise, to gradunl persistent 
stress. 

For de.'MTiption see text. 


rhage, traumatica shock, external Iieat or cold, anoxia and muscular exercise. 
The histological changes in the cortex depend on whether the stress is mild 
or s(‘vere, <levelo})s tjuickly or gradually, is short-lasting or prolonged. All 
the changes to be described depend 01 / the integrity of the hypophysis, i.e. 
they are mediated btj ACTH. Several ty^ics of reaction may be recognized.^ 
(i) Type 7: the stress is sudden and short-lasting (c.r/. a short bout of 
exercise, a non-fatal haunorrhage of one hour’s duration, very short-acting 
drugs). There is an immediate dis<diarge of hormone into the Idood. The 


‘ Sayers and Sayers, Recent Proijress Hormone Research, 1948, 2, 81. 
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siidiinopliil j:jraiuiK\s disappear; tlie cholesterol and ascorbic; acid c-ontcnt 
falls. At this stage the rate of f)r(?(;ursor breakdown exceeds that of 
re-forination. Later full recovery occurs and the gland becomes slightly 
enlarged (Fig. ()()2). 

(ii) Type II: the stress develops very gradually and acts for a. long time 
{e.y. pregnancy, (‘xt(*rnal cold or heat). The gland ])rogressiveIy enlarg(‘s 

as the cells increased in number. 
The secretion of the hormone is 
corresj)ondingly increased ))ut the 
precursors are ni-forniedas rapidly 
as they are broken down (Fig. 

(iii) Type III: overwlielming 
stress ending in death (e.y. fatal 
acute irdection or hamiorrhagic 
shock). The gland is completely 
depleted ol' its store of precmrsor; 
some hy]>ertro]>hy occurs. A 
massive secretion of hormone is 
presumably taking |)lace (Fiu. 
603). 

(iv) Type I V : recov(*rv from 
severe stn^ss (e.y, severe chronic 
anoxia). Following the initial 
period of exhaustion (as in Typ(' 
III) the hypertropliied gland 
becom(;s refilled to a greater 
extent than normal with ])re- 
cursors (Fig. 603). 

(5) Mechanisms of Resfo.wsk. 
The (juestion aris(*.s, how does 
the stress .stimulus cause a secretion 
of ACTll and consecpKmtly a 

secretion of cortic;oid.s^ The follow¬ 
ing possibilities mu.st lie con- 
siclertid : 

Fi<;. lioa. Ilt.*s[)uiise of Adrenal Cortex to (i) Mervoua Mechanism. 

Stress. (Sayers and Sayers, liecenl Pro- Stimulation of the hypothalamus 

gress Hormone hesearcKlMH, 2.^1.) causes a secretion' of ACTH. 

^ between th(‘ hypo- 

liowcr Itecord : 'l ypt t\' resfujiisr, to sovrir stiv-ss with t ll a 1 a III US a 11 d t h C a 1110 ri O T 

I’or (leRcription s«e text. pituitary^ is iiot a dir€‘ct nervous 

one ; but a chemical mediator 

(“ neurohumour ”) is formed in the hypothalamus which is carried in the 
local blood supply to the anterior pituitary as explained on p. 931. The 
state of stress may stimulate appropriate afferents or certain parts of the 
central nervous system and thus lead to hypothalamic activity which causes 
secretion of ACTH. 

(ii) Humoral Mechanism}—The secretion of ACTH might be regulated 
by the blood level of the hormone formed by the gland on which it acts 
^ Snyors, PhyAiol. Rpv., 19.50, .W, 241. 
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(i.e. the blood level of adrenal (iorticoid) ; a rise of blood corticoid level 
might inhibit ACTH seeretion by a direct action on the pituitary, while a 
fall of blood corticoid might increase ACTH secretion. Such a “ pituitary- 


CNS 



adrenal cortex axis ” would maintain a steady blood level of corticoid in the 
same way as the “ pituitary-thyroid axis ” maintains the blood thyroxine 
level It is supjiosed that states of stress cause increased uiUimhon of 
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oorticoidft in the affecttMl tissues and consequently a fall in their blood level 
leading secondarily to a compensatory secretion of ACTH and an increased 
discharge of corticoids from the adrenal cortex. It is worth mentioning by 
way of c.aution that almost nothing is known about the lute of the corticoids 
in the tissues on wliich they act (so-called “ targ(‘t cells '■). The following 
types of experiment siqiport the hypothesis set out abov'^(\ 

(a) An animal is subjected to stress and simultaneously an active adrenal 
cortex extract is inj(*cted. If the dos(» has been accurately judged there ani 
no histological or chemical changes in the adrenal cork*x. The injected 
corticoids have thus prevented the fall of blood corticoitl which is normallv 



Ki<;. 005 . Diurnal Variations in K<>sinof»liil fiount in Normal 
.Subjects. (Tli<jrn ri al.y ./. cl'm, thuhtt rin.^ 1050, /(/, lOS.) 


f)roduced l?y stnjss ; in coiise,(pience ACTH is not secreted and the cortex 
does not respond. Such exp(*riments also eiial)l(*. the amount of corticoid 
secreted in various staDiS of stress to l>e roughly measured. 

(6) Injection of adrenal cortex extracts into an intact animal causes 
adrenal atrophy ; the rise of blood corticoid has inhibited ACTH secretion. 
Conversely partial removal of the adrenals, by reducing corticoid secretion, 
stimulates the pituitary and the excess ACTH released causes hypertrophy 
of the remaining cortical tissue. 

(iii) Adrenaline as Mediator .—Injection of adrenaline causes secretion of 
ACTH, probably owing to a direct action on the pituitary gland. Any 
condition, therefore, which causes the secretion of an adequate dose of 
adrenaline may lead secondarily to a secretion of corticoids (p. 728). 

The mechanisms which are probably concerned in regulating the activity 
of the adrenal cortex are summarized in Fig. 604. 
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Clinical Indices of Corticoid Secretion.’ -(1) Blood Eosinophii. 
Count.- 'J'hp normal oouiii in tlie ])looc.l in man ls 50 500 per 

c.mm. ; tlio fliK-tuatioiis in any individual during the 24 hours are, 
howe.ver, comparatively small (Ei^. 005), thou{j:h the count tends to rise in 
the afternoon. 

If adequate c.ontrol counts have been made, a change of 40% or more 
produced experimentally is signiiicant. 

(i) Injection of adrenal vortex extraeis markedly lowers the eosinophil 
count.; how the clninge is profluced is unkiK»wn. 

(ii) A similar result is obtained by injecting ACTff which acts solely by 

releasing adrenal corticoids (Fig. bOb). is still efTt'Ctivc; in rats after 



Fig. 606.—Fffect of AOTH on Eosinophil Count in 
Normal and Adrenalcctoinized Bats. (Thorn 
et a/., J. din. Endocrin.j 1950, 10, 203.) 

Onliiiatr : chanp- in eosinophil count, 

120. 80 , 40 120",,. SO",,, 4tl% ofcontnil level (100 -control 

level). 

destruction of the adrenal medulla ; it produces no change in the eosinophils 
aft(jr complete adrenalectomy (Fig. bob). 

(iii) Intravenous inj<‘ction of adrenaline stimulat(*s a secretion of ACTH 
and thus of adrenal corticoid and so lowers the eosinophil count. Adrenaline 
fails to produce a nvsponst' after liypojdiysectomy or after adnuiaJectoray. 
(Fig. b()7). 

These observations are of great interest clinically and experimentally. If 
suitable controls have beam carried out an ex[)erim(mtally induced fall of the 
eosinophil count is proof of tlie. occurrence of corticoid secretion ; the amount 
of corticoid thus secnd.e{l can Im‘ as.sessed by determining th(‘ dose whicli 
produces an equivalent change in the «»osinof)hils. Using this technique, it 
can be confirmed in man that many types of stress and disease cause corticoid 
secretion, e.g. surgical operations, trauma, infections, cardiac infarction. The 
eosinophil response can also be used to assess the functional state of the 
anterior pituitary and the adrenal cortex in patients. 

^ Hills et al.. Blood, 1948,y, 755. Thorn e£ al., J. din. Endocrin., 1960, 10, 187. 
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Clinical Procedurks. (i) Adrenaline Test. Infuse (>2 nl^^ of adrenaline 
ill 2C)0 c.c. of saline intravenously in one hour. In normals the eosinophil 
count 4 hours later falls on an average* hy GO”;,. In j)ati(‘nts witJj severe 
hypopituitarism or Addison's disease no (diant^e occurs (Fiji;. G()8). 

Total \Yhite Cell Response to Adrenaline. — With the <lose indicated the 
total white c(‘ll count aftiT \ hours is incnaised owin^ to a rise in the 
neutro}>hils ; there is an irregular rise in the lymphocytes follovv(‘(l hy a fall. 

(ii) ACTH Test. —Inject 25 mg. of ACTH intramuscularly. Jn normals 
the average fall in tin' eosinofdiils I hours later is 75",In Addison's disease 
there is no n'sponse. In liypopitiiitarism the response' is smaller than normal 
owing to the atro])hic condition of the adrenal cortex (Fig. ()()8). 



Eig. ()07.—Effect of Adrenaline on E()sinoj)hil 
(Vuint in Normal and Hv])o|)liyHi*c.tomi/(Ml 
Eats. (Thorn ct a!.., J. cliv. Kiaiorrin., 1950, 

JO , 200.) 

Orfllnate ; *,'« cluin^c iu odsinophil ceiiii!. 

Jnu control lcv«-l. 

r>n---1.‘> 0 % of control 

(iii) Corticoid Test. —A positive response with this test proves that that 
unknown! peripheral mechanisms wdiich lower the (iosinophil count are 
reactive. The adrenal amorphous fraction, cortisone aii(J compound F 
lower the eosinophil count in man; this result leaves them on the “ short 
list ” as claimants to the title of tlie natural cortex hormone. Desoxycortico- 
sterone is ineffective. 

Cushing's Syndrome. —In this condition, 'which is associated with hyper- 
corticalism, the eosinophil count, as expc'cted, is low^; the finding is of 
diagnostic value (p. 967). 

(2) Na+ Content of Sweat as Index of Corticoid Secretion.—As 
explained on p. 915 the adrenal corticoids d(;erease the Na+ content of 
sweat (Fig. 611). Changes in the composition of the sweat thus reflect 
alterations in the rate of corticoid secretion. 

(3) Excretion of Neutral 17 ketosteroids and Adrenal Corti¬ 
coids IN the Urine.^ (i) The 11-ketosteroids (as their name suggests) are 

^ Mason and Engstrom, Physiol . Rev ., 1950, 30 , 321. 




EXCRETION OF 17 KETOSTEHOIDS 


958 


steroids wit-li an — () fittaclied to the 0 in the 17 position (as lor example 
in androsteroiie, (ilO). These ketosteroids are end-prod nets ol" cortieoid 
niidabolisin in l)oth sexes, Init in the male they are also firodueed to a small 
extent ])y the testis. [Though nestrone, which is excreted in tin' nrinc' in 



- \aor. ___ 

Ftc.. ons. - EflVet of Adrenaline and ACTH on Koftinophil Count in Normal Subjects, 
in severe Addison’s Disease, and in Hvpopit.uitarisin, (^riiorn ft (il., J. din. 
Kndocrin., 19o0, 10, 22J.) 

0--Control U‘vcl. 40. 80—40“„, 80% compared with control IcvjjI. 

Vjipcr Kc'conls ; clmii^c in «*osinophil count 4 lionrs after injcctiiifi 2r» rn«. ol A(’TH 
intratiniscularly, , . . ... 

Lower Uccofils ; % cliaimc in cosinopliii 4 liours after infusinii O-l! iii;.,'. ol adrenaline 

intravi-rioiisly. 

I'hc sliort hlai k Iwirs joined hy :\ flottcil line imlicatc the mean cluumcs. 


women, is a 17-ketosteroid, it is a ])henolic (aeidtc) (compound and is iheretore 
not. estiiiiiitcd in tlu- met hods used for nevtral 17 ketosteroids.] The normal 
range of urinary output^ of neutral 17-ketosteroids (in mg. per 24 hr.) 
is 11-21 in men, and le.ss in women, 4-.'> 19-0. In conditions of .severe, cortical 
in.sufRcie.ncy {('.g. Addison's diseasi", Simmonds disease with cortical atrophy 
(p. 931)), the output in the urine is reduced to subnormal levels, and is not 
increased by an injoetiou of ACTH as is the case when the gland is normal. 
The Table below illn.strates these points : 


UhINARY NKltTK.\L 17 KETOSTEUOID.S IN MG. PEK 24 HR. 



N ornnil. 

Addison’s Disease. 

Contrt>l 

90 

30 

inject ADTH (40 rnjj;. daily for 0 days) 

170 

2*9 


1 Butt €t a/., lAtnr.et, lOaO, ii, 894. 





951 


URINARY ADRENAL (’ORTKOIDS 


The ketoateroid output may be increased when there is cortical hyjierplasia, 
but the increase is usually strikinj^f when a secretinfj himour (especially 
carcinoma) is present. Fig. 009 shows that in a group of cases with simple 
hyperplasia the neutral l7-ketosteroid excretion rarely rose above 50 mg. 
Ill the cases with carcinoma the values usually exc(‘e(led 50 mg. a,nd in some 
inwstances were much higher (e.g. 250 mg. (or even 2()(K) mg.)). Tin* excretion 
of neutral 17 ki'tostiToids is therefore increased in Cushing’s syndrome and 
in the adrenogenital syndrome, but it is not a sensitive index of cortical func¬ 
tion and its det(*rmination is of little valu(‘ in doubtful cas(‘s. 

(ii) rrinarfi Atfrenal Corticoidx (so-rallerl W o.ri/sferaids). These are 
substanctvs which in their biological action and chemical ]U‘Oj)erti(*s res(‘mbl(* 
th(‘ natural adrenal corticoids. The amount in the urine may !)(* assayed l)y 
hi(do(jiv(d nnuhods, i.e. it is tested for corticoid physiological activity (c.//. 



Fi(}. GOO.—Neutral 17~ketost.cToi(lH in Crine in Hyperplasia 
and Carcinoma of Adrenal (./ortox. (Alter da I hot vt aL. 
d. din, Investnj,, 1042, 27, oGO. 

Ordinate : Excretion of 17-ketost,cn»iil» in urine in mu. per day. 
<'(»ntinnou.< line : Cpficr normal limit of 17 kctosti'roiil ••xcrction in 
children (left) ami a<hilts (riuld). 

Tor description see text. 


])Ower to increast^ liver glycogen or to firolong life in adrenalectomized 
animals), or it may be determined by chemical met hods. iSayers suggests that 
the terms “ biocorticoid ” and “ chemocorticoid ” might be used to designate 
respectively the substances which are thus measured. The outfiut oi’ the 
urinary corticoids correlates wtdl with cortical activity. The normal output 
(per 24 hr.) is eifuivalent in biological activity to ()•! mg. of cortisone. 
Corticoid excretion is decreased in Addison’s disease and in Simmonds’ 
disease*, and is increased in clinical states of hypm’cortism and after in jia-tion 
of ACTH if th(^ adrenal cortex is not subnormal. 

jff>th cortisone and compound F have biMui isolated from the urine in 
normal subjects and in cases of Cushing’s syndrome. 

Adrenal Cortex Insufficiency. Addison’s Disease.^ Addison’s disease 
is the classical clinical syndrome of adrenal cortex insufTiciency. The 
whole gland is usually affected, cortex as well as medulla ; but the clinical 
manifestations are due almost entirely to lack of cortical secretion. The 

1 Gaunt et ah. Physiol. Rev., 1949, 29, 281. Thorn et al.. Adrenal Insufficiency, 
Oxford, 1949. Sorkin, Medicine, 1949, 28, 371. 
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lesions most commonly found are simple atrophy and tuberculous infection. 
The main clinical features are : muscular w(‘.akness, low blood pressure, 
pigmentation, coin})l(*x changes in fluid and ionic balance and in general 
metabolism, and terminally, renal and circulatory failure. 

The detailed account that follows is amplificul when*, necessary by reference 
to findings in adrenalectomized animals. 

(1) Alteration in Ionic and Fluid Balance.— (i) There are character¬ 
istic changes in the ionic composition of the plasma : (n) There is generally 
a fall in plasma Na"^ to 135 m.Kq./L or less (av(‘rage normal, 142 m.Ecj./ L). 
Thus ill one series of patients the plasma Na"* value at some stage; of the 
disease was between 115 and 130 m.K(j./L. 

(5) Less r(;gularly then* is a rise; of jilasma K ; values exceeding (> m.Eq./L 
(23*5 mg -*/o) are pathological (average normal, 5 m.E(|., 1 j ID o mg 

(c) A fall of plasma Cl' (average normal, 103 m.E(p/L) and of bicarbonate 
(alkali reserve), (averagi; normal fiO c.c. of COo/IOO c.c. of plasma) is common. 
The plasma changes an; probably brought about as follows : 

{a) Th(‘re is a. ])riinarv d<‘rangenieiit of tin* mechanisms cfmeerned with 
reabsorption of Na^ and K' by the r(*nal tubular epith(*lium. There 
is ilecreas(‘d r(*absorj)t ion of Na* and thendore increased loss in 
the urine : plasma Na.' consetjueiitly falls. On the other hand 
there is increased rt'absorption of and, th(‘rt‘forc, decreased loss 
in the urine ; plasma K- eonse(]uently rises. As the fall in plasma 
Na"^ exceeds the rise in plasma K+ t lie total eoncmitrat ion of plasma 
cations d(*creases. 

{Ji) '.rhe treatment of CK in the tubules is more variable and does not 
necessarily follow that of NaL Jf the reabsorption of Cl' is 
<lepressed to the sanu* extent as that of Na-*-, there is an (?(piivalent 
fall of Na+ and Cl' in the plasma and the Idood n‘action is unaltered. 
If tlH*r(* is a relatively greater loss of Na' in the urine, some of the 
of tin* |)lasma loses its Na'"; there is a (‘orresjioiiding 
fall in the alkali res(*rve and a condition of metabolic acidosis 
develo2)s. 

(ii) The cons(*(juent changes in the body fluids res(*mble those found 
in sinifde Xa ♦ or XaCl d(*ficiency. Ionic equilibrium is rapidly attained 
between the. plasma and the interstitial fluid. Owing to the functional 

impenneabilitv " of the tissue cell mendiranes to Na ', t he intracellular 
crystalloid osmotic |>ressurc initially exceeds that in the extracellular fluid. 
There is, therefore, a flow of water f^m the extracellular into the intracellular 
fluid. The plasma volume is (kvmiscd : the plasma prot(‘in concentration, 
the red cell count and the luernoglobin concentration are all increased, i.e. 
there is hwmoconcentration which is secondary to the anhydrauiiia. 

(iii) The changes in the blood lead to circulatory failure with decreased 
blood pressure and diminished blood flow to the organs. 

(iv) The kidney is adversely affected in two ways : (u) Its functional 
activity is very dependent on its blood supply j there is a decrease in renal 
blood flow and jirobably also in glomerular jiressure which lead to decreased 
glomerular filtration, decreased flow of urine (or even anuria) and decreased 
excretion of nitrogenous waste products. 

(6) As is explained on p. 64 decreased plasma Na"^ depresses renal 
activity in various ways : there is a further decrease in glomerular filtration^ 
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a delaifeiJ or inadequate response to water drinking thus causes an 

excessive accumulation of hody fluid) and a diminished excretion of urea (ef. 
p. ho). The kidney also fails to make ammonia, to compensate for the 
acidiemia. 

(v) Tlie fatal outcome is due to the combined effects of circulatory and 
renal failure, inchidinji the (dian.iies in the blood coin]>osition. 

(vi) Tlie lack of ionic lialunce is [irobably responsible for certain yne.taholic 
disturbances such as ini]»air(‘d absorption of carbohydrate* and fat from the 
small intestine. decn*ased metabolic rate* and h»ss e)f appe'tite*.^ 

(vii) All the e;*han^e*s e*numerate‘el abov«‘ (i vi) e*an be* re-ctitied by <;ivinp: 

a diet rich in Na' {c,g. 10 g. of NaCl daily) and jieior in Similar 

improvement can be produced without necessarily changing the diet by 
administration of: (a) the amorphous fraction of the adrenal cortex ; or 
(b) desoxycorticosterone ; or (c) cortisone. Less hormone is needed if the diet 
is suitably adjusted. The symptoms of the disease are aggravated or a 
dangerous crisis may be precipitated by restricting the intake of sodium 
chloride. 

Clinical Tests. —Two tests of adrenal insufficiency are based on the 
disturbances described above. 

(fl) The response to water drinking is t(‘sted (Robinson's test) ; the 
resulting diuresis develops more gradually in patients than in normal 
subjects. 

(h) The patient’s ability to maintain the plasma Na^ coneemtration within 
normal limits, when the Na+ intake is drastically r(*duced, is tested. The 
Na^- intak(* is reduc.ed to less than 1 g. daily and hormom* treatm(‘nt (if 
any was being given) is stof>ped. In a ease of Addison’s dis(‘ase, ev(‘n if 
the plasma Na"*" was previously normal it will fall b(‘low LT) m.Eq. L within 
a few days, and tin* charact(*ristic symptoms of the dis(*aso a.p])(*ar or beconu* 
aggravated. The pati(.*nt must be carefully watched as intensive treatment 
must be started sliould the clinical state dt*t(*riorate. 

(2) Chaxoes in (Ieneiial (CAKnouvimATE, Protein, and Pat) Meta¬ 
bolism.- These chang(is occur in adrenalectomized animals and in ]>atients 
even when the diet is ih'li in Na‘ and ])oor in K'. The results of adrena¬ 
lectomy resembh; in many respects those of hypophys(*ctomy. It should Ik* 
remembenKl that tin* pituitary diabetogenic, factor is jiartly ACTH and that, 
in the main, the adrenal cortex is an antagonist to insulin. 

(i) Blood Sugar.- {a) Owing to cortical d(‘ficiency, tissue protein is not 
broken down to amino-acids to be subserpiently used for glucogencsis ; 
similarly hejiatic glucogenesis from amino-acids is depressed ; tissue uptake 
of glucose is jierhaps increased. As a result the blood sugar falls slightly 
eve.n in the well fed adrenalectomized animal. But if the animal is starved 
the failure of ghu’ogem.'sis causes a severe and possibly fatal hypoglycajrnia. 
Some d(^gree of hypoglycannia is common in patients with Addison’s discast*. 
and produces its characteristic synijitoms. 

(b) There is excessive insulin sensitivity ; i.c. a small dose of insulin 
produces a marked fall of blood sugar, followed by a slow recovery. 

(c) Liver glycogen stores are low. 

(ii) Muscle Power. —The muscles are weak and quiijkly become fatigued 

' Some patientB may display grave Hyrapiorns of adrenal insiifficicnry although the 
ionic balance is normal. 
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on st iniuliition. Tin* (*{nisc of vv(.vikiinss is nut known with (-(‘rtainty. It 
nniy ho duo to tln^ ahnonnal ionio ])attorn in tho hody fluids ; it is usually 
honofitod hy adtninistorinfjj Na" sails and (‘orticoids which raise, plasma N\‘r . 
In a l(iw |)at.ionts, power is not incroastal hy those measures. K.\poriinentally, 
tho f)owor of adronah*ctoniiz(*cl animals is inqu-ovod hy infusions of glucose 
or inj(M‘tion of “ oluooc^ortiooids/' siij^j^estinj^ that a dofoot of carhohydrate 
and relat(*d ni(‘taholism is a resprmsihle factor. 

(3) J5i.()(U) IhiKSsrun. 'I’ln? hlood prossun^ is commonly low ; values of 
UO mm. systolic, ho mm. diaslolh- ar(‘ typical. Tho [)atient may hecome 
dizzy and faint when passively tilted from tho horizontal to t in* eT-(‘ct. [)osition. 
If a stat<‘ of “ crisis ” d(*v(‘lops .still low(‘r values occur. Tho hlood j)n*ssuro 
is rais(‘d to normal and oven to ahnormally hi^di levels hy Na’ salts and hy 
(a>rlicoids like de.so.xycorticostorone. 

(I) IhoMENTATioN. Th(‘ pi^iuont which is deposited in the skin is 
melanin, derived from tyrosine hy the ac.tion of tlu^ enzyme tyrosinase. The 
cause of tin? pimnontation is unknown ; it does not occur in adrejiaha-tomizod 
aaiimals. As tyrosine is also a precursor of adreiialiiie the pi‘’;iiieiitatioii has 
been account('d for as follows : t in* destruction of tho adrtmal medulla leads 
to 1h(‘ accumulation of tyrosin(‘ which would norJiially bo converted into 
adrenaline : this unusetl tyrosim* i.^ transformed into melanin. This 
explanation is inaccurate as pigmentation may occur in jaititmts in whom 
the m(‘dulla is intact. It has been sut'gestc'd that, the enzyjne reactions 
leading to ujolanin formation may be umler hormonal c-ontnd ; the pig¬ 
mentation is, ]iow(‘vcr, litth*. alfecited hy administration of corticoids.^ 

(b) .Nausea a.vd VoMiTixt; are common ; they arc attrihuted to loss of 
.\a ' and to acidamiia. The similarity hetween many of tJuj fhidijigs in 
.\d<lis<jn‘s disease and sodium chloride delicitmcy must l>e emphasized (p. 05). 

(f») Caisis. Acut(‘ cortical insutliei<*n(ty produces the so-called crisis. 
Then*, is vt)!niting. ajiathv, drowsiness and signs of dehydration ; the blood, 
pressurt* falls to a. very low h^vel; the terminal signs are delirium, coma, and 
evid(Mn’e of grav<* remil failure. 

(7) 1’ElUl 1 .N A L ( ■IJ \N(JES l.N A OREXALEUTOMIZED AxiMAl.S. -Towaids the 
eiid manv metaholie proc(*sses aie d(*|)ressed : the rate ot deaminatiou ot 
ainino-acids, the rate of formatiou of ketone bodies (in the liver) aiul their 
utilization by the ti.ssues, pho.sphorylation pnxjesses in general, and tlie level 
ot' tissue* OoConsumj^tion are all deereast*d ; body temperature finally falls. 
These changes are a])par(*ntly secondary to the ionic disturbances as they 
clear up when the latt(*r uve correctetl. 

(8) Uhixe. -In adrenal cortex delicieney the urinary excretion of tlie 
n(*utral 17 ketosleroids is r(*duced. The excretion o( tin? eorlicfuds in the 
nriiK* may cease (j». 951). 

Active Principles of Adrenal Cortex. Corticoids.- It is customary 
to divide the physiologically active substances which can be extracted from 
the adrenal cortex into two categories : (i) crystalline components ; (ii) the 
amorphous IVaction. 

(1) Crystalline Compounds.— About 50 have been isolated from the 
adrenal cortex or synthesized but of these only a few possess corticoid 

‘ Lerner and P^iizpatrick (Melanin formation). Physiol. Rev., 1950, 30, 91. 

“ Heard in The Uorrmnes, N.Y., 1948, 1, 550. Heehier. Recent Proi^ress Jlorrnonc 
RcMCftreh, 1951, 5’, 215. The elcracntary .struniure of the Htemids is described on p. 1074. 
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actions, i.e. actions resembling in some respects those of adrenal cortex 
extracts. Tliese steroids can be divided into three main groups (Fig. 610). 

(i) Oj’^corticoids with an O or — OH groufving attaclu'd to the 0 in 
the 11 positions, e.(]. corticosterone, cortisone (Kendall's compound K), 
17 hydroxycorlicosterone (coinpouinl F), and 11—dehydrocorticosterone. 
These steroids correct the abnormalities of//cy/c/v/Z nu'tabolism (y.c. those of 
carbolivdrate, |)rotein, and fat metabolism) in a(ln*nalectomi/(‘d animals. 
Tliev are generallv calh'd ffinroro)fir::i(ls because of their easily obserNed 
elfects on carbohydrate metabolism. 

(ii) Steroids without an ~0 or OH in the II position, i.r. drsoxy- 
cortieoids. They have no din‘(*t tdlect on gen«*ral metabolism but t.h(\y 
correct tlie abnormalities of ionic e<jnilil»rium in the adrenalectomized 
animal. They are therefore called minemIfK'orticoids. The best known are 
desoxycorticosterom* (deoxycortone) an<i desoxycortisoFie (compound S). 
Desoxycorticosicrone acetate is commonly al)bn‘viat(*d t(» DOO.A or DCA. 

The subdivision into so-called glu(‘o- and mimu'alocorticoids is however 
only of limited value. The mineralocorticoids, because they restore the 
normal ionic balance, also ieine<ly tlie carbohydrate and otlier disturbances 
which are secondary to the ionics imbalanc(‘. F\(*n mon‘ signiticant is the 
fact that the oxycorticoids (‘ortisom^ and compound K, in suitable dosage, 
can directly influence botli the ionic indmlance ami the <lerangements of 
general metabolism. Cortis<»ne is thus as much a rnineralo- as a gluco¬ 
corticoid. The term glucocorticoid is unsatisfactory for another reason : the 
metabolism of the foodstulfs is closely inter-related ; the metabolic disturb¬ 
ances in Addison’s disease whi(di are corrected by tin* active cortieoids 
involve ]U‘oteins and fats as well as carbohydratt‘s. It would be more logical 
to d(‘.signate lh(^ so-called glucocorticoids as .metabolocorticoi<ls. 

(iii) Sex hormones like progesterone, (.estrogefis and androgens ; tlie 
adrenal androgen.s res(‘nd)h‘/'//n/ro.s'/croac in ha ving an in the 17 position, 
i,(\ they ar(‘ neutral 17 ketosteroids. ()jie androgen isolated fniin th(‘ adrenal 
is called adrcn<h^lrron(\ Adrenal cortex extracts may contain a substance 
called cortilactin which influences the dev(*lopment of the breast. Neutral 
17-ketosteroids of adrenal origin are normally excreted in tlie urine (p. 1)52). 

(2) A\H)Rpn()i\s Fkaction. This is of undetermined composition. It is 
a disconcerting fact that this material represents l)0"o of the activity of 
crude arlrenal cortex extracts as test<*d by their power to maintain life and 
to regulate ionic balance in a«lrenalectomized animals ; the chernicallv 
id<!ntifietl .steroids of tin* adrenal corte.x n^fuesent only 10'^y of the curative 
activity of crude adrenal extracts. 

Natural Adrenal Cortex Hormone. There is still uneertainty about 
the identity of the steroid or steroids or oth(*r active, principles secn*ted by 
the adrenal cortex. The following ob.servations throw some light on tlie 
subject : 

(i) The only physiological action of ACTH is to cau.se the adrenal cortex 
to .secr(*te its hormones. The results of iiijcading Af^rH in normal subjects 
can be compared with the effects produced by various cortieoids. The 
corticoid whieli nio.st closely reproduces the action of ACTH would have a 
claim to lie regarded as the natural hormone or at least as one of the natural 
hormones. As explained later both cortisone and compound F satisfy this 
criterion. 





o 


CH,OH @ 



Cortisone. 

Kendall's Compound E. 
|l-dehydro-l7-hydroxy- 
corticosterone. 


CHjOH 

CO 



Compound F. 
17-hydroxy— 
corticosterone. 


CjjljOH 

CO 



I l-dehydrocorticosterone. 
Cortisone minus OH 
at position 17] 


CHjOH 


CO 



Desoxycorticosterone. 
Deoxycortone. 


CH.OH 

r 

CO 



Desoxycortisone. 
Reichsteln's Compound S, 
II-desox y-17-hydroxy- 
corticosterone. 


CO 



O 



Pio. GIO.—Structure of Adrenal Corticoids. 
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(Jortisoiie produces reniarkal>l(‘ thcra|Hniti(*. eflccts in many conditions 
which iir(‘ unassocialvd witli adrenal deheitmey. Jt is, to say the Jeast, a 
romarkahle coincidence that the natural stimulant of the adrenal cortex, 
ACTll, is equally benelicial in these disorders (p. ‘.Hif)). 

(ii) The natural hormone^ should he able to abolish all tlie effects of 
adrenale(;tomy. It is found that the desoxycompoiinds (so-called mineralo 
corticoids, ejj. desoxycorticosterone) do not (‘orrect the abnormalities of 
general metabolism. The oxyccuticoids cortisone and compound F produce 
a full restoration to normal : but so does tlie amorphous fraction. 

(iii) No decisive information can be obtained from a study of adrenal 
cortex extracts. .A substance isolated from such extracts may hav(‘ been 
maiiufactiired during the proces.ses of i.solation ; or it may r(q)resent an 
interiiH'diarv ju’oduct in tlie synthe.si.s or degradation of the natural hormones. 
Thus the sex hormones found in adrenal cortex extracts may nqiresent 
stages in the l)reakdown of the true hormone. IMie physiological activity 
of cortical (‘Xtracts is very low Ixa-ause tht‘ honnom^ is not slonal in the cortex 
to any (*xt(Mit but is formed and s(H*reted as and wlnm napiired. 

(iv) It is claimed that the adrenal venous blood normally contains 
cortisone and com])ound F ; iHith these sulistanccs have been found in the 
urine in normal subjects and in conditions of bypiuvortism. FtMTusion of 
the adrenals with ACTll gives a mixture of lb corticoids in tlH‘ efUiumt. 
IVrfusion with steroids sliows that the adrenals can cause hydroxylation 
(sub.stitution with Oil) at C’,-, and C 21 . 

No detinite conclusion can lie reached. If lh(‘re is only on(‘ natural 
adrenal liormone it probably resembles in its ])rop(‘rtii‘s cortisone or eom- 
])ouikI F. The signihcance of the amorphous fraction remains unknown, in 
the adrenogenital .syndrome the adrenal (tortex undoubtedly forms and 
secret(‘s into the blood large amounts of androgens or cBstrogens or })ossibly 
a lactogen (cortilactin). it may b<* argued that as the adrenal glantl in thi'se 
erases is diseased its metabolism is disordered, and that in consecpienee it is 
releasing products which differ from the normal hormone. No other exam])le 
however is known of a hy|)erseereting ductless gland ])rodii(Mng an abnormal 
])roduct ; in the case of all tln^ other glands \vh(*n tliere is hy])(‘rsecretiou. 
more of the nitrmal hormone is released. 

It is claimed by some that in addition to aji oxycorticoid, t he (‘ortex also 
sticretes a desoxycorticoid. 

Actions of Adrenal Corticoids. (1) .Minute amounts of Amoki’Hous 
Fkactiox (1 2 /xg. per kg. p(*r day) restore t he ionic balance and full health 
in adn.‘naIe(!tomizt?d dogs ; ev(*n very large dos»*s are harmless in normal 
animals and do not disturb the ionic balance. 

(2) Dksoxycouticostkronk (Dkoxvooktone). Owing to the diiliculty 
and the exp(Uis<* of jireparing jiotent adrenal (‘Xtracts, th(‘ substance hitherto 
generally used filinically in the treatiii«*nt of Addison’s disease lias been the 
synthetic and inexpensive compound deoxycortone, generally used as the 
acetate (DOCA, DCA). It is commonly im])lanted as pellets under the skin 
and proiluces a long-lasting effect. 

In suitable doses it corrects the ionic and fluid disturbances of Addison’s 
disease. It acts on the renal tubules (and sweat glands) causing increased 
retention of Na+ ; more Cl' is generally retained also ; the excretion of 
(and phosphate) is increased. There is an increase in plasma volume, a rise 
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in blood |>n*.Ksuro and an iiunvaso in imisciilar IXX^A n^jnesonts 

only a. partial I'onn o1‘ n*pla.(*enn*nt tlnn'apy as it dofs not corriM't i\w. 
abnorma,]iti(*s of <j[t‘n<n-al inrtaludisfn : it <lo<*s not pnna-nt hy|)ogl\cannia. 
It lias no cnVct on tin* eosinophil eonid. It has, ho\V(*ver, considerably 
prolonged the expectation of life in patients with Addison's disease. 

Tfuir Effi’cts of Drfuf/rotfonr. (i) Lar^c* <loses jn-oduce toxic symptoms 
in jKilif'Hts. Tin*!*!* is (*xc(‘ssive r(‘tention of Na ' and Cl' and secondarily of 
wat<‘r, h*adin‘^ to increased plasma volume, extcmsive o;dema., liypertensionJ 
and cardiac <‘mbarrassment ; the. stores of K' are dejileted and prostration 
may o(*enr. 'fin* ]>lasnia ^Ja ' may exc.i‘ed I It> m.hap.'L ainl the j»lasma K 
may fall b(‘Io\v .‘5 in.Kij./L. 'flie symptoms are aggravated by a high Na,Cl 
intake, U’hen deoxycfirtone is used in tin* treatnn*Jit of ,\ddi.son's dist‘.ase it. 
is bi‘st condiinefl (tor saf<‘tv) with a re<luce<I Na ’ a.nd high K:^ intake. 

(ii) In VAjU'i'inomtdl fudmals, overdosage with d(*oxycortoin* is a.lleged to 
jirodma* (in addition to hyj)(*rt.(*nsion) pathological chang(*s in many organs : “ 
these incimh* malignant nephrosclerosis, necrotic changes iti tin* arteries 
res<‘mbling thos(‘ found in periarteritis nodosa, the develojunent of Asclioif 
bodies in the heart like those* of rln*iiinatic lever, and joint h^sions like^ those 
of rheumatoid arthritis. Tin* miin‘ralocorticoid desoxye’ortisone (componnd S) 
produces similar lesions «*xperifn(*ntally. It is alleg(*d that these structural 
changes can be ]»n‘vented by administering suita))h* dos(‘s of the oxycorticoid 
cortisone.'* 

(3) Cortisone.'* -Wry thorough clinical and (!Xp<*rimenta,l studies have 
Ixa*!! carried out with this steroid. In doses of lO ‘20 mg. daily it maintains 
liealth in cases of Addifion^s disctfsr: it is also benebcial in eases of 8immonds' 
disease (p. U30). Civen in daily doses of 50-1 (M) mg. (or less) it has proved 
henethual in an extraordinary range of diseases i)t n.ooc (f which there is any 
evidence of disturbed secretion of adrenal cortieoids. It is as effeetivt* by mouth 
as hy intramuscular inj(‘ction. 

lujection of ACTIl produces similar therajieutic (*th‘(‘ts in those diseases 
if the adrenal cortex is intact, ]>rcsumably by releasing a cortisonc-likf* 
substance. 

The results of detailed studi(?s of the action of cortisom* an* summarized 
below : 

(i) (iKNKKAh Mkt,\|{()LIsm. (a) Like the other oxycorticoids, cortisone 
opposes in some respeets the action of insulin. Thus it raises llu*. blood sugar, 
and hicreascs neoglucogcn(*sis. (Jlycosuria inay d{‘V(*lop ; this is due partly 
to the hyp(!rglyca*.mia and partly perhaps to a phloridzin-like action on the 
renal tuiiules ])aralyzTng the n^alisorption of ghu'ose. It aggravates all the 

' 1)()(’A iHiiy have a direct constricter action on blood vcs.s(‘Is. 

Selyc, Jirii. med. J lUf)!), i, 203. 

Adrnud Cortex, and " Adapfatiun Syndrome." According to Sclye, the bodily rc.s]>onses 
to “ stress” <oinprise wliat he lias tcrmcil the “ adaptation syndrome which is divided 
arbitraiily into three stages: (i) an initial alarm reaction : (ii) adaptation proper, wheni 
the liody’s eoinpiMisatory reai'tions to stress develop: ami (iii) a |)hase of c.rhanstion 
which occurs if (*xposnre t«) stress is exeessiv**. As explained on ]». 04-7. adrenal e(a*ticoid 
s(‘erelion occurs in many states of stress. (Selye, ./. elin. Endocrin.., 194ti, (i, 118.) 

^ (Avriisle, lirit. mcd. J., IJIaO, ii, oOO. Heneh el at., Pror. Staff Mayo ('finic, 1040, 24, 

181. Syinposinin, ibid., lOoO, 2), 474-502. Thorn and loirshain. Recent Proyress 
I/ormonr. Heseardt, 1040, 7, 220. Sprague et at.., efin. Endocrin., 1050, tO, 280. 

Sprague et at., A rc.h. int. Med., 10.50, So, I!>0. Ht*iu.h et at., .1 rch, Int. Med., I ttoO. -So, 545. 1 ngle, 
J. din. Endiwxin., 1050, JO, 1312. Sprague ei al.. Recent J*rog. Hormone Res., 1051, 0, 315. 
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9G2 A( TJON OF CORTISONE 

signs in diabetic patients. On stojiping cortisone treatment transient 
livpoglyca^rnia may develop ; this result is attributed to cortisone de]>ressing 
ACTli secretion and coiisecpiently tlie normal activity of the adnuial cortex. 
Again like the other oxycorticoids (but in this n'spect acting like insulin) 
cortisone increases the deposition of glycogcm in the liver. 

(h) It increases the breakdown of tissue proteins ; tbe released arnino- 
acids in part give rise to blood glucose as mentioned above*. 

(c) 'I’he elfeet on total nitrogenous excretion in the urine is variable ; it 
is often inen'ased. Crinary creatinine is unatfecU*!! : the* f)utjuit of creatine 
(if creatinuria was prt'vioiialy present) and of uric acid is increased. The 
increase in the ratio of uric acid-creatinine or of creatine creatinine is a 
convenient ind(*x of the urinary changes. In ])atients with gout, uric acid 
excretion is strikingly increased by administration of cortis<.»?ie ; this (‘{V^*ct 
is in part due to decreased reabsor])tion of uric a.cid from the renal tubules 
into the blood. 

(d) Cortisone may incn'ase the mobilizaticm and utilization of fat. 

(e) (Jalcium (and j»hosjdiate) excretion may be increased, resulting in 
ost(‘Oporosis. 

(ii) Body Fluids and Ionic Balance. Lik(‘ the desoxycorticoids, 
cortisone corr(‘(!ts the ionic imbalance and the other body fluid disturbances 
wdiich are found in Addison's disease. There is thus retemtion of Na"* and 
water (and usually (»f (T) and increas(*d excretion of K*. 

In toxic doses cortisone |)roduces the same und(*sirable effects as 
deoxycortone. Th(;re is exc(‘ssive retention of .\a'^ and water; if this 
condition is not dealt wdth by a natural diuresis, there is (pdema (peripheral 
or pulmonary), ascit(*s, congestive heart failure and hypertension. (Treatment 
consists of reducing tin* Na ' intake and administering diur(‘tic,s.) 

If (jr is not retained in e<[uivalent amounts to Na^ the excess Na ' unites 
with to form sodium bi(’arbonate, thus increasing the plasma, alkali 

reserve and producing alkalosis. 

There may la* exc(*s.sive excrethm of K ■ in the urine. The resulting low' 
serum K* causes muscular weakness (cf. p(‘riodic paralysis, p. 51'.)), arterial 
hypotension and changes in the electrocardiogram (Fig. bib). The symptoms 
are relieved by administering K' salts. 

(iii) Mus(U.e Bower is restored by cortisom* in cases of Addison’s disease 
and in adrenalectomized animals. 

(iv) Central Nervous System. The patient may feel w^ell and cheerful ; 
or he may sleep badly and liecome restless, excitable, or even maniacal. 
Some [)a.tients bt^come depr(*ss(id. The frequency of the alpha weaves in the 
electrotMic(‘phalogram is increased. 

(v) Bj.ood.i— (a) As a result of cortisone tr(?atrnent the lymphoid tissues, 
including the thymus, atrophy. The number of cmyulatinfji blood lymphocytes 
is reduced. It has bcvui suggest(Mi that there is irifTcased destruction 
of lyinjdiocytes wdthin the lymjdioid tissues. 

(h) The circidatuKj eosinophil leucocyles arc decreased. 

(c) Bolycythaemia may be ])roduced. 

(vi) Large doses produce sorm* of the characteristic featur(!s of Cushing's 
syndrome, including rounding of the face and, in women, growth of hair on 
tile face, ch(?st, and anterior abdominal wall (hirsutism), and anumorrlicea. 

' WhiD*, Harvey Ijeclures, 1947-4S, J. Harris el a/., ./. PhysloL, lliaO, 111, 328, 336. 



'rHEUArEUTIC EFFECTS OF CORTISONE 


Wui 

These ohservations suj^^est t hat Cushing's syndrome is <liio to hyf)ereortism 
(p. hGf)). 

(vii) The adrenal cortex atrophies l>ec.au.s(* tin*, raised l(*vel of blood 
cortison(‘, de|>resses the secreti«>n of ACTJl. 

(iiONKKAL Theraceittk^ Effe(’TS OF ( AUiTisoN K. - -The thera})eutie action 
of cortisone in states of adrenal cortex insulhcieiicy, and the toxic efi'ec.ts 
fl(*scril)ed above, ai(* all in kee|»ing with what is known about tht? physiology 
of the adrenal cortex. (\)rtison(*, however, has beneficial elTects in the 
diseases set out below in the Table (from (’arlisle.) in mmr of which is the 
ad renal carted known to he at fault. Its inode of action is so far um^xplained. 
Of a very larg<‘ number of cortic.oids (natural and synthetic) so far test(‘d, 
only conijiound K has been found to have thm’ajxmtic effects like those of 
cortisone.* E\en the “ dimie '* of cortisone (i.e. cortisone with a second 
double bmul joining CY, and O-), though it prolongs life in the adrenal- 
ectoinized animal, d(a‘s not possess the general thcrap(‘utic actions of 
cortisone. 

Kesponsk of Vakiofs Diseases to CoirrisoxE 


lit'iK'liciul Kflci t 

’ itesults Kiicouraginji 

'rransient 

nfteu Dramatic; 

1 hut Itecjuire 

IJenelieial KfTeets 


Kiirtla*!’ Evaluation 

()l)served 

' H.h(‘umatoj<j artfiiifis 

X'arioiis allergies : 

Acute leiikannia (1\ inpho- 


llav-lev<*r 

evtie or granulocytic) 

1 Klieiimatic le\er 

Aiigituieiirotie uulema 


llnig sensitization 

Multiple myeloma 

1 llh(‘umat<>i(l sjxmhIv lil i.s 

Serum si<•klles^ 

i Si ill'H 

Acute goutv arthritis 

hym]ihosareoma 

! 


Hodgkin's dis(‘a8e 

; I’soriatic arthritis 

rieerative colitis 

1 

i Liijms er\ 1 hematosns 

Kegioiial enteritis 

1 ■ I 

('hronie iym|»hati(' leu- 
ka-mia 

{«*arly) 


Astlima (statii.^ asl Intial icu.s) 

Iiitlaaimatorv eye (Jis^•ase^ 

Kxfoliutive dermatitis 

i Nephrotic svndnmie l 

! ■ 1 

1 Scleroderma (early) | 

1 )('rmatomy<»sitis j 

Psoriasis 


FfMiiphigiis 

1 Periarteritis nodosa (earl\) 1 

i ■ ■ 1 

i thilmonarv granulomatosis i 

i 

Alcoholism (?) | 



An important generalization about cortisone is that it blocks allergic 
hy])ersensitivity reactions. It is consequently useful in hay fever, asthma, 
drug rea(!tions, and serum sickness. 

‘ Keiinnim vt J. din. Inveslitj.^ lUaO, 'JU, 1402 . 




( FINIC AL ACTION OF ACTII 


In patients with rortnin diseases, cortisone causes the tissiu's to Ixdiave a-s 
“ though the noxious ag(‘!it was not there ” ; cortisoiu^ in th(‘se people acts 
like “ an asbestos suit against lire," protecting the tissues from dainage and 
preventing their nor*mal resjmnses to injurious agents, but not extinguishing 
tlip fire. As might be exf)(*cted, in most instances improveimml persists 
only for as long as treatment is continued : a relapse occurs on stopf)ing 
tre.'itment uidess in the meantime the dist‘ase has come to its natural end.^ 
Clinical Action of ACTH.“ At^TIl has been obtained iVom the gland 
in the form of a simph* protein (mol. wt. 2(),(MK)).'* (^linically it can be 
employed safely and (‘flectixady. When injected into normal subjects, it 



Kk;. ()J 1.—.Xction ot A(-'rH in Normal Man. (( -onn i! nl,, ./. rlin. Etnlfirrin., 

HloO, //y, 12.) 


jjroduces in the main the same physiological ellect as c.ortisone, but the 
adrenal cortex is enlarged (and not atro|»hied). 

(1) The changes in th<‘ urim*, sw(»at, and blood eosinophil count are vvadl 
summarized in Fig. (ill, which shows the effects of injecting “>() n’lg. of AC'ril 
daily for lO days. 

(i) The Xa' and (T content of the svv(*at is ?-educed. 

^ CortisoiK' |»r()fhn:<*s altorafion.s in tJu; local and ^icneral |■cs|)^>n.ses to injiirv and in- 
Icction. 'I’hus it depresses tlie formation of^raniilat ion tissue iti wounds. It (iiminislu's 
tlit^ resist.ane(‘ of micre to expi'i'imental tul>er(Milosis. In man it diminisiies or abolislies 
th(^ tuluM-eiilin reaction ; in patients it may cause acMe spread of Inhircnlous infection. 
It prevents or r(‘due(‘s tissue reaetiou to ehemical irritants (in guinea pigs). 

- Thorn eJ al.^ ,/. din. Kndocrin.y 1950, 70, 187. (.'Oru) et at., ihid.^ f». 12. Venning 
d at., J. din. Inrestig., 1950, 10, 5S!J. 

A polvpepti<l(‘ with a mol. wt . of about 2500 has been prepared whitdi is about MtO 
times as active as tliis protein preparation ; a smaller active ]>olypoptide of mol. wt. 1200 
has also been pre])ared. It would seem that th<^ f>hysiologi(!aJ activity of the A(''rH 
protein nssidcs in a restricted ])art of the molecule. 














( LINK AL HYPKJU'OKTISM \Hy5 

(ii) There is a njarked increase in urinary N on a constant indicating 
that tissue protein is hein^ hroken down. 

(iii) (Jlycosuria develofis. This is due to hyperfrlycjernia and to ri(‘cn‘ased 
,clucos(‘ reahsor])tion in tlie tul)ul(;s. 

(iv) 'riie excretion of urinary Na+ and Cl' is initially reduced, the former 
more than tln^ latt(*r ; hut after sonu* days tin* (dfect wears off. Then? is a 
transi(‘nt washing out of Iv^ in the urine. On stopping the i7ij(*ctions tliere 
is a greatly increased (compensatory) excn?tion of Na • and (T in the urine. 

(v) I h ie acid excretion rises. 

(vi) The hlood eosinophil count falls. 

(vii) There is an increased excretion of both corticoids and neutral 
17 ketosteroids in the urine. 

(viii) The General clinical picture produced by ACTH (as v\dth cortisone) 
res(?mbl(?s Cusliing's syndrome. 

(ix) A(yril has in general the sanu? therapeutic effects as cortisone, but 
it is of course useless in Addison's disease. Its use as a diagnostic agent is 
consi(l(*red on p. 952. 

(2) AC'ril is j)art of the diabetogenic factor of anterior pituitary extracts. 
The relative importance of ACTH and growth hormone as diabetogenic 
ag(mts vari(‘s with the sp(‘ch‘s. .ACTH readily })roduces diabetic manifesta¬ 
tions in man ; pure injected growth hormom? has so far l)een inert in man. 

Clinical Manifestations of Hyperfunction of Adrenal Cortex. 
(Hypercortism). Two main clinical syndromes oc(?ur : 

(i) Ci’SHiNo's (‘' C()RTi(?()-MET.AB()Li(’ ”) Syndrome, ill wliicli there is 
excessive secretion of a corticoid which resembles cortisone in its actions. 

(ii) Ai)REN<»(je.\ttal (” Cortico-sexual ’') Syndrome, in which there 
is exc(‘ssive formation of .s(*x hormones, either male (androgtuis) or hmiale 
(o'strogmi, ]uogesterone or a lactogen ('* cortilactin '')). 

Mixed syndromes may also occur. 

Anatomical Findinos. —The anatomical changes found in the* adrenal 
c.ort(‘x ar(? variable. There may be none (/.c. the tissue is overactive but 
not increased in size) ; or there may be simple hyperplasia ; or an innocent 
or malignant tumour may be present. (If the tumour cells are non-secreting 
no endocrim* disorder dev<*lops.) 

The adrenal changes may be primary or secondary. Some cases of 
(hishing's syndi’ome are attril.>uted to hypersecretion of pituitary ACTH. An 
adenoma of the j)ituitary basoj)hil cells is sometimes presimt ; irradiation 
of the gland (with X-rays) may haul to regression of tlie signs of the disease, 
(■hanges in the jutuitary, consisting of liyalinization of the basopliil cells, are 
said to occur n^gularly in Cushing’s syndrome ; but th(\se may be secondary, 
i.e. j)roduc(*d by the eh'vated blood level of corticoid which is knowm to act 
on the ])ituitary. In some cases of phaeochromocytoma (tumours which 
.secrete excess adrenaline and nor-adrenaline) some of the signs of Cushing's 
syndrome may occur ; this is an interesting observation as it is known that 
a(lr(?naline in adetpiate concentration stimulates ACTH secretion (p. 950). 

1. Cushing’s Syndrome (“ Corticometabolic Syndrome ”). (Hyper¬ 
secretion of a Cortisone-like Corticoid.)^ - The main findings are set 
out below where an attempt is made to interpret them in the light of the 
known effects of cortisone and related corticoids. 

* Kepler ct al.. Recent Progress Hormone. Research^ 1948, 2, 




or)(> Cl >siiix(;’s ((oirruo-METAiioLiC) s^ ndkomk 

(i) Tlifiv is wiistinj^ iind wrakiirss of tin* skolotnl rnusolos, ospocially of 
tlu* limbs, 'riiis mav be duo t.(> tlio l)roa.k(io\vu of miisolo protoin (to aTuino- 
aoids) and tin* low lov ol of s(‘riirn K * (of. p. b 2 ()). 

(ii) Thoro is obositv, usually of charaotoristio distril)ution. Tlio facn is 
fat (“ mooii-faoo '*), with narrow oye-slits and a “ fisli-Iiko mouth : thoro 
is a “ ])ad of faton tln‘ back in tho corvico-ihoraoio rotjion : thoro is also 
gonoral trunk adij)ositv (Fig. 012 ). Tho oortionids aro known to mobilize 
and break down rosrrvo fat ; but tbo rlinioal tindinus sugg(‘st that in this 



l"i(j. Gilt—Juornilr <’asp of Cii.shing’.s iSyiMlronn*. (Ah-licow and Caliill, ./. din. 

Enflovrin.^ hir>0, 10^ 50.) 

Hoy 11. 

Not(! th«r moon fan',, narrow ryf-sJits ami trunk oNrsity. 

'I’ho sfrotnm was small but tiff wrn* woll 

syndrome a rodistriliution of reserve fat occurs, i.v. mobilization followed by 
deposition olsewlion*. 

(iii) Tho skin is thin and there are ])urplish striations where the blood 
vesstds show through. The (rhanges are attributed to removal of the protein 
matrix (of. (i) Hupra). Acne often devtdops. There is hirsutism (abnormal 
hairiness of the face, chest, and abdomen). All these changes are produced 
clinically by cortisone. 

(iv) There is thinning of the bones (osteoporosis) which is due in part to 
excessive withdrawal of calcium salts and in part perha])s to loss of the 
protein matrix, 




ai)KEN()(;knital syndrome mr 

(v) TIjcto a.n‘ si<^ns of (iijibc‘,tes inellitus of varying of severity. 

As explaiiunl on p. IKil llic cortisorK^-liki^ cortieoids are dialx^toj^enie. 

(vi) There are sexual chaii"es : iin [K)tenee and otluir si^rns of hypogonadism 
in the male and amenorrhma in the female. These have been attributed to 
excessivaj se(U(^tion of (nstrogcm and andro^cm respectively ; but this 
assumption is unncc(‘ssary as cortisone produces similar results. 

(vii) The clian^es in ]>lasma ionic concentration and in the volume and 
distribution of the (‘.xtracelhilar fluids are generally small. Ketention of 
Na * and to a less extent of (M' may occur : alkalosis may result owin^ to an 
increase in NaH(-().j: stuum K ■ is often lowered. 

(viii) llypertension and mdema are (M)mmon. 

(ix) There are chanjfes in th(‘. circulatinj£ blood c(‘lls, /.c. a decrease in the 
<M)sinophils (p. 952) and in tlie lymj)ho(rytes. Krythraunia may occur (this 
lindiiifj is unexplained). 

(x) There is increased excretion in the urin(‘of neutral 17 ketosteroids 
and corticoids. 

In a patient with Cushing’s syndrome attributed to a basophil tumour 
of the pituitary, the following findings were }>r(‘S(‘nt befon*, and 9 months 


afl(*T, irradiation of tin* [)ituitary. 

Hi'fttre. 

}no}dhs 

lOosinophils per c.mm. .... 

\ 

100 

Trie Acid (hx^atinine in urine . 

MO 

0-52 

Fasting Blood Sugar in mg % . 

202 

70 

Blood Pressure in mm. ilg 

230/1 MO 

140/95 

rrinaryN(‘Utral 17 K(*tost(*roidsinmg. 21 hr. 

230 

9*8 

Trinary Corticoids in mg./2d hr. 

o-br> 

0()5 


/icIafioH of Hj^jxoTorhstH (o (Eilemtt and Jw/Ve.s*. In cardiac (edema 
(j). Ill) and in ascites associated with portal obstruction (p. 822), th(‘n* is 
incn'ased reabsor|)tion of NhC from the renal tulml(*s into tin* lilood with 
secondary retmition of wat(*r. These renal chang(‘S have iieen attributed to 
(excessive corticoid secretion. 

2. Adrenogenital Syndrome. As already explained, adrenal cortex 
extracts contain ojstrogens, androgens, progesterone-like subslan(‘es and 
cortilactin (a substance* acting on the breasts). Th(*re is no convincing 
evidence that t.he adrenal cortex is nonmlhj conceriK'd with tin* r(*gulation 
of sexual functions. Tlie significance of the presence in tin* normal cortex 
of the substances just enum(*rated, is unknown : it is ])ossible that they 
may represent intermediaries on the path either of syntln*sis or of d(*struction, 
of th(^ natural c.ortt*x hormones.^ In disease, large amounts of oin* or more 
of the sex hormones may be form(*(l in the adrenal (a)rt(‘x with eo]ise([uent 
derangement of sexual function. The main clinical syndronu*s are discuss(*d 
below. 

(1) Pre(M)(U()its Iso-sexual Development in (hiiLOHEX. —Thus, little 
girls have been known to menstruate at t-he age of two. Little boys sIjow 
early development of testes, penis, and secondary sexual characters ; there 

^ Dooxy<*(>rt»)no has proge8toroii(?-like qualities; experimentally ovarieotoraatized 
iiiunkc^ys (*aii tranMl'orin deoxyisortono into pregnanediol (the normal cnd-product of 
progostf'rone whi(!h is cx(*r(*t('d in the urine). 



ADUKXAL VI1IILI8]\I 


9(>S 

is Jilso f)n‘C()(‘iMiis L^rowtli of tin* ImkIv :js a wliolr n‘suh,in^ in tin* stdckv, 
j)ri*(:()ci(Misly virilr iiifanl IIcmciiIcs ” ty|)(*.* 

(■J) SvM)ia»Mr,s IN Adi lts. WIkmi tin* a(Irt*nal cDrtJ'x j)i()(lnces srxiial 
ilcrans>vineiits in aduhs limn* is a ItMidciU'y to /o the seroHdarf/ 

rhamr/ers of the opposite sex. Tliiis a4ult. wonuni witli (‘ortica.1 hy jHM functitm 
^(•iK'ially (loAelop male* s(‘(*oM(lary soxual cliaraflcrs ; tlu* condition is called 
adr(*na] virilism. Adult, males, very occasionally, show feminization. 

(i) AniiKNAi. \AuiniSM. The chant's prodiicenl hv adnmal cortex t umours 
in adult temales an* illustrated hy the* following case.- Tlie woman was (juite* 
normal in appearance till early in lh‘>o (Fi^. fUd). Symptoms then ilevelope‘d : 
she proi^i'cssix ely l)(‘came more* masculine in ap])earanc(\, a beard betian lo 



Fuj. —Effects of Tarnoiir of the Adrenal (.’orlex on Secondary Sexual (’haracti-rs 

(Adrenal N'irilisin). (Hare, Ito.ss, and (’rooUe, Lancf/, IlKto, ii.) 

I.cft. h:uul : J^itieat iri I'.rjr. at the ajic of lit. Symptoms ln*o;ni in lIKi:;. 

fiari‘1 : I’atieiit in ncfcinhcr lirU at aire <ir;5*J. the remarkahle ile^na* of inast.-ulini/.atiim 

vvhieh has taken place. 

A eareiiioma of the adnmal cortex was fouinJ at ofieratioii ami death followed its attempted rcmmail. 


^row which had to be clippiMl once weekly, the complexion became florid, t.he 
neck thick, and there was a marked double chin. Tin* menstrual fieriods w'ere 
first irr(‘^nila.r and, later, completely ceased. At operation a earehtowa of the 
adrenal cortex was found. The ])a.ti<*nt di(*d ; post-mortem tlu^ ovaries were 
small and fihroti<* and siiowetl no (iraafiati follichxs ; the uterus was .small ; 
the. (‘xt(‘riial oriiitals were uormal, hut there was soim* (‘ular^e.iueiit of the 
clitoris. 

Tn cases whicli survive the ope.ration, removal of tlu^ a.dreual eortex 
tumour restoies the. feminim* cliaraeters, both ])hv.sica.l and psyehicjal. The 
virilism is attributed to exee.ssive .secretion of androgens bv^ the adrenal 
cortex. 

(ii) Adkknal FKMr.NiZA'j'ioN. The commonest, change noted in adult 
males, so afflicted, is (*nlarg(micnt (>f tlie breasts ; .sometinuNs considerable 
glandular devedopment occurs and it may be possil)l(^ to squeeze out milk 

^ The exploits for which Hercules is justly himous were not exclusively muscular. 

“ Hare, Ro.ss, and (’rooke. Lancet, 1935, ii, 118. 



POTASSIUM MKTAHOLISM 
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from Ujit* Tlio luvasi rlmu^os an* att.ril>ut(Ml to (‘X('(‘ssiv<‘ s«‘i*rv1ion of 

wstrowons (wliicli an* found iji almormally lar^<* amounts in tin* iiriiu') ami 


probably also of pro^est-oroim and 
cortilaclin. Libido is diminished as 
shown by dimirjlslM‘d interest in 
wmim*!!, deeroased s(‘xiia.l potency 
and less fnnpuuit (K’ciirrcnce of 
iHMiturnal erections and of seminal 
emissions. There may be atrophy 
of tin' t<\stes, which is attributed to 
tli(* raised level of a*stro^(‘n in the 
bloo<l iidiibiting the secretion of 
a n t .(* r i or [)i t.ii i ta. r y go n ad ot ropli ins. 
Successful operation n\stores normal 
se.xual vigour. 

In most cases of th(‘ adrenogenital 
syndrome there is increasfvi urinary 
excretion of mmtral 17 k(*tosteroids, 
strikingly so when a secreting car(‘i- 
noma of the cortex is ]>resent (Fig. 
OO!)). In cas(‘s of feminization the 
urinary cpstrogen cont(Mit may be 
high. 

(iii) Mixed Svxdhomes. In 
these cases tin* clinical findings 
suggest increas(‘d secretion of both 
cortisone-like substances and of sex 
hormones. Thus tin* first case of 
adrenal cortex tumour r(‘j)orted in 
the literafuDi (by Tih'sius in ISt).*}) 
was a, little girl, ag(‘ She was 
very obese; h(.‘r iinmensely fat 

cheeks hung over her neck on to 
the upper part of the chest; the 
skin was thin, of high colour, with 
the veins showing through readily ; 
hirsutism was jjresent. But in 
addition to these ‘'cortico- 
metabolic ” changes tluu-t* was 
marked sexual precocity as shown 
genitals (Fig. GM). 



Fio. 014. -filcsius' Fiisi* of Aiircnal Cortex 
'rumour. (Kepler vl a (., licvfni Vro - 
( jre^ss tiormonv . liemirr / i , liMS, .‘ISS.) 
Little tiirl ant'd I. Tor description see text. 

y the develofummt of the external 


1H)TA881UM META B() L18M 

Potassium Balance.^ —The content of the body depends on the 

balance of K ^ intake and K"^ loss. As K^' is an important constituent of all 
cells, animal and vegetable, any reasonably arranged diet will supply normal 
K+ needs. Excretion of K+ occurs in the urine and some is lost in the beces. 
^ Elkintoii and Tarail, Amer. J. Med., lUoO, U, 200. 
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\m) POTASSIUM METAHOLISM 

A (lii't ol* puiv carl)ohy(lmte an<l fat contains no K" ; then* is, of course, no 
K,< intake during starvation. 

The normal K ‘ ion concentration in serum is about 20 in^- % (b m.Eq,/L) 
(p. 6 ) ; the coiuu'ntration in tlie (a'lls is far hij^her as K * is the primupal 
intracellular electrolyte (j). 5). As the surface immibrane of most cells is 
permeable to ions (p. 7) the "reat differences which are normally pn‘sent 
i)et\veen the K* ioTi concentration in the intracellular and extracellular 
fluids are maintained by active catioji transfcT by the cells, the necessary 
enerf^y beint^ derived from metabolic processes ; when cell metabolism is 
depressed, e.g. in ston'd red cells, ions movt* passively out of tin*. c(*lls into 
the extracellular fluid with tin* (‘oncentration ‘gradient (p. 8 ). Most of the 
intracellular is combined with organic phosphan* esO'rs. In staters of 
acidosis these esters undergo phosphorolysis rehrasintf inorganic; phospliate 
which, t(>;j[ether with K ' ions, passes into tin; plasma (f). 95) ; as some of tin* 
K+ is excreted in tin* urini* as KH 2 PO 4 , acidosis l(*ads t(> deph'tion of the 

reserves of the tissut's. In dchffdrufiou too (.h(U‘(* is a loss of K+ from the* 
cells (p. Ob). 

RECaiLATiON OF Seri’m K* ..-Our knowledge of the factors which refi^ulate 

the serum K - level is still imperh'ct; it is not clear to what extent KA (^aii 
be withdrawn from the ])lasrna and stored in the cells wIk'Ii the serum K' 
rises or can be mobilized from the cells wlu'U s(*rum K' falls. Serum K 
depends to an important extent oji the degree of K’ n'al)sorj)tion which 
takes place in the renal tubules (p. 28), which in turn depends on the level 
of a<lrenocorticoid activity (p. 955). 

(i) In Addison’s disease serum K‘ oftefi rist's : (‘onvtn-sely, sc'rum 
falls in hvpercorlism (ji. 9()b) or after inj(*ction t»f DOPA, cortisone or A(TH 
(pp. 9G1,V)2). 

(ii) In familial ])eriodic paralysis (p. 519) a fall of serum K * occurs which 
is roughly proportional to tlie degree of muscular weakness. 

(hi) In renal dis(‘as(‘ S(*rum K ^ may rise fnmi K • retention (owing to 
decreas<?d gloim^rular filtration) (p. 4) or fall from exc(‘ssive excretion in the 
urine (owing to decreased reabsorptiem of in the tubuh^s). Seven* 
depletion occurs during tin*, phase of recovery fro?n diabeth; coma ; if the 
K+ intake at this time is small, the s(*rum K ’ ialls. 

(iv) fSerum K+ may fall owing to K+ loss in severe vomiting, diarrhosa 
or steatorrheea. 

Function of IhriAssiuM. —Th<* role of lv+ is still imperfectly understood. 
It is n*lat(*d to tin* excitability of m*rv(i libre (p. 485) and muscle fibre. It 
may be involved in transmission processes at the motor end plate (p. 519) 
and in autonomic; ganglia, (p. 523). It modifies the action of heart muscle 
(p. 236). Alterations in the eh'ctrocardiogram are a. sensitive index of changes 
in the sc'rum K' level (Fig. 615). A fall of sc'rum causes diminution, 
depression or occasional inversion of the T wave; the QT interval is prolonged, 
th(? ST segment is depressed. .An abnormally high serum K.+ level causes the 
T waves to become exaggeratc'd and sharply peaked ; eventually the P 
waves may disappear.^ The role of intracellular K+ as a bufler is considered 
in the case of the red cells on p. 93, and of the general tissue cells on p. 95. 

Symptoms of Potassium IjAuk. —The clinical findings are variable ; 
muscular weakness and tin* e.e.g. changes mentioned above an; the most 
^ llawkitis et aL, lAincet, 1951, i, ;il 8 . 
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roi^uliirly ()l>vSt‘rv<Mi. Otiior syinj>t(»Tns luitxMl in statics uf K* lack and n‘li<‘ved 
by K+ thorapy an' : sliallow rapbl Im^athing, abdoiiiinal distension and 
niental changes, e.//. lotliar^y, apathy <>r deliriiimd Kr* lack must, be treated 
by giving potassium in amount-s suflicient to restore not only the serum K ‘ 
level, but also the intracellular rt'serves ; the tota,l loss of which occurs 
in depleted patients may amount to 8-30 g. If the path'iit can take food by 
rnoutli, 3-5 g. of K ' (as Kllol*!).! and K 2 HP().j) may be added to eacli litre 



(a) (c; 


Fic. of Cliaiiges in Serum R- l^evel on KI(*et roeardiognun. (1'liornsou, 

Lanrr.l, ItKttt i, aOS. 

Cmm* of Addison's Disc.Msc, Initial Mood i*rcs'<nrr, 7U. lo nun. ll;i ; i»looiI iirc.i l»u fini 

SerxiH A#ov7.s- in />a/ llriifM of I'-tctur in mm. 

Iv' Na* (jC' trad T t.^adlJ Ja-ad ITT 

(/O isth May unit :iMi 2.S4 itn i :, 7-(» f.-O 

Putimtienton low K ■, hivih Na' <rn‘l. Injt rt rxfrart of wlad*- adrt'iial I’ortox (“ lucortoix' 

(//) luth Juno 1 ‘Kilt jr.n :iun n r. i-o i-o j-.. 

(r) l!:ird Juni* llKilt s :'. iUH H H M) 1-.. 0-7:. 

Note in (<0 tin* e.r.fi. chant's rc.Miltiiuf from hi^th scniin K • (.liyiK-rUalaMnia) ; note in [h) and (r) tlio results 
of low seruin K ' (hypokalaiiiiia). 

of milk or fruit drink ; if tlu* How of urine is adetjuat.e such treatment is satV*. 
In urgent eases K* may bt* given parenterally, c.//. in Butler’s solution (p. 10!). 
footnote) or as Elkinton's solution containing 4-5 g. of KoHPOj, 1 g. of 
KH 2 PO 4 and 5*5 g. of NaCI per litre. The rate of infusion should not exeeed 
20 m.Eq. ( 0*8 g.) ofK^ j>er hour, eorresjiondiiig to 300 e.e. fier hour ol’ 
Elkinton’s solution. 

Parenteral K+ therapy may he dangerous if tlie urinary output is low; 
the clinical state, the serum level, and the (*.c.g. a|)pearan(*es should be 
carefully w’atclie,d for tin' first signs of potassium poisoning and appropriate 
measures tak<*n. 


THE THYROID 

Structure and Chemical Composition. -The normal adult thyroid 
gland weighs 20-25 g. It consists of many spherical or oval vesicles which 
are lined by a cubical ejiithelium (Fig. 61(), B). Tin* (ravity of the vesicles 
is filled with a viscid homogeneous material known as the colloid of the gland ; 
the colloid consists cliiefly of an iodiin^-eontaiiiing jirotein called Ihyroglobulin. 

^ Eliel et al. New Eiigl J. Med., 1950, 243, 471, 518. 

* Salter, The Hormones, N.Y., 1950, 2, 181, 301. Pitt-Rivers, Physiol. Rev., 1950, 30, 
194. Symposium on “ Thyroid function as disclosed by newer methods of study,” Amt. 
N.Y. Acad. Sci., 1949, 60, 279-508. Poehin, Ijanret. 1950, ii. 41, 84. Means, Thymid 
and its Diseases, l*hila., lt)37. Haririgton, Thyroid Gland, London, 1933. 
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Th<* thyroid ^laud contains on an avoraii[<‘ 2 111 ^ 4 . of iodine per dry weight 
(1 g. drv 1 b g. wet weight) ; the weiglit of iodine found in the gland repre¬ 
sents 20 % of the total body iodine. The iodine of the gland is normally 
found in three main forms in the j»roportions indieated ; inorganic iodide 
(lO^’o) ; (there is no frt‘e. iodine in the gland) ; diiodofi/rosine ( 00 ‘b,) : thyroxine 
(tWo). Thyroxine is tlie active |)rinciple of the gland and is s(‘cr(‘ted as such 
into the blood ; diiod(»tyrosine is its principal precursor in the glaTul. 

Thyroglobulin contains both thyroxine and diiodotyrosine bound to the 
rest of tlie protein molecule by the usual pt'ptide ( FO.NH •) linkage. 

'riiyroglobulin is thus a storage 
form of thyroxine. Tin* thyroid 
<iifl(Ts from the other ductless 
glands in storing its active priiicij)le 
ill the cavity of a veaich* rather 
than in the secreting cells them¬ 
selves ; when required, the stored 
(combined) thyroxine is digested 
oif from tin* thyroglohulin molecuh^ 
hy protoas(‘s and is s(*cr(ded, in tin* 
free form, into the blood.' 

The size of the thyroid, its 
histological aj)pearanc(*, the. amount 
of colloid, and its chemical com¬ 
position vary widely under dilTerent. 
(‘onditions. Tin* }»oints to be not.(‘d 
are: t he size and shape of the 
vesicles; the height of tlie 
ejntlielium ; the total iodine conteiit 
of the (M)lloid ; and the relative 
amounts of the thret' main iodine- 
containing constituents. 

(i) Will'll the gland is slimnlnfed 
it become,s more vascular, the lining 
cells becomt; more huijkm’ous (hyper- 
plasia) and the (•ireumfenmee of the vesicles in eross-siK^tion is increased ; 
the e|)ith(‘lial cells bi'come talh'r. It is customary to call such an ov^eractive 
glarul a hyperplastic gland . 

(ii) When rapid secretion is taking place, tin* colloid is digested away and 
becomes first faintly staining and vac'uolated and later reduced in amount 
leading to an infoldinf/ of tln^ |)roliferated t'pithelium (Fig. (ilO, C). 

(iii) The administration of iodine often jirodiKies characteristic changes 
ill a hyjierplastic gland (wliatever the cause) : the amount of colloid is greatly 
increased (/.e. therii is iricrea..sed storage' '’) and the epithelium regresses 
to the normal stute (Fig. blG, I)). 

(iv) In atrophy of the gland the <*j)ithe.!ium becomes thinner and the 
vesicles smaller and fewer in number. 

The normal daily iodine; intake in the fenxl is e)f the eirder of 20-200 /eg.*'*; 
it is, of course*, higher if iexline is artificially adehnl te) the eliet. 

* Itut diiodotyrosine is also present in the. blood. 

I /xg. I microgram - 0-001 milligram. 





Fj(!. C>U>. — Histological Ap])earaiiee of 
Alveoli of Tliyroid under various 
(Conditions. (After Me.ans, Thf/roirt ami 
lls 

A. Kevtiil type, ceiitaiiiiny no cdlloitl. 

It. Normal alv<-oliis lliu*<l hy a (‘uhiral epithelium ; 
it is llllerl with eolluid wliidi rontaiiis few 

Hyperplastic .alveolus (c.//. of <'.\<»piithalmie 
goitre); the liiiim; «iells are e<ilumiiar and 
itierease-<l in nuiiiher; the c-oll«*id ha.', been 
ilisidiarj'ed. The wall of the aha tdu.'. is infolded. 

1). llyijerplastu’ alveolus (f.ij. us in V.) after treat¬ 
ment with iodine, 'flie alve(diis has heednie 
di.steiided with retained colloid ; niiiiierous 
vacuoles are i>rc.sent in tlie colloid. 
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Thyroxine Formation and Secretion. Tlie main j)r(K‘nss(*s wliiclj take 
plane in the thyroid "land are : 

(i) Selective absorption of inorganic iodide from the [)lasma. 

(ii) Oxidation of the iodide to iodine. 

(iii) Immediate binding of the newly foniHMl iodine with tyrosim^ to form 
diiodotyrosine. 

(iv) Transformation of diiodotyrosine into thyroxine. 

(v) Secretion of thyroxine (</) into tin* ])lood, or (/>) into the lumen of 
the vesicles, to be stored in the colloid. 

All these f)ro(;esses doubtl(‘ss d(‘p(md oil the activity of various enzyme 
systems, none of which ha ve as yet be(*n identified. The secretion of thyroxine 
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rio. ()17. rptak(‘ of Hadio-jutivc J<Mli<lc 

tliyroid, N^oniial, and Hv])eriliyn>id (Jlands. {Hamilton, 
Hadioltxjff^ 1942, SU^ non.) 

A tracer <lo.se of radio-active iodidi’ was jiivcn to iniiuan l»cinKs. Xotc 
Ujc ncjili^Mhic icwlid*- uptake by the hypothyn)i(l jiland and tin- 
exees.sive uptake by the iiyperUiyroid glands. 

Kadio-iodide coneeiitratiou was deteriiiiiieil by means of a (ieijif'r eountt r 
on the neck over tJie I'laiid. 


is regulated (a) mainly by the thyrotro]>hie horniom* of tin* anterior pituitnry ; 
(/>) possibly by the level of blood thyroxim* and blood iodidt* ; (c) to a minor 
degree Ity the sympatlietic nerve supply (p. fl82). Most of the stages reftu nMl 
to <i.l)Ove need more dtdailed cctnsideration. 

(1) Sl^LKCTlVK .'\n.S()Ri*Tl().\ OF loDlOK. This process is well demonstrat ed 
in experiments in whieli minute (tracer) doses t>f radio-act.ive iodine (usually 
1311*1:) ^iven in the form of iodide * ; t he doses administa'n'd are comparalde 
to the amounts whieh ar<^ normally ingestetl in the diet. The distriliution 
and fate of the labelled iodide can be. t'asily followed. It is rapidly absorlied 
from the intestine and passes into the plasma; llu‘ plasma ^•‘*‘1* consecjuently 
rises initially. The selectively taken up by the thyroid gland ; e.g. in 

man 20‘!o of the administered may be juesent in th(‘ gland within 

() hours (Kig. bl7, (kintrol). 

A normal thyroid ‘‘ e.ollects ” up to 80 times the amount of that 
would be expected were the iodide diffused uniformly throughout the body. 
A hyperplastic, gland may collect up to .‘M)0 tinu's tin* amount whieh would 
* Ims a half-life of 8 <la.ys. 
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be expected from yimpl(‘ dilVusiou. These data prove that the thyroid cells 
selectively absorb iiiorj^anie iodide and retain it in spite of a steep diffusion 
gradient that tends to drive the iodide l;)ack into tlie ])lasnia. It is note¬ 
worthy, however, that th(‘re is an absolute inaxinium iodide content of the 
gland no matter how great are the iodid(^ sup]>lies, i.e. there is a thyroid 
“ iodi(h‘ absorpticm niaxiniiini " whi(di (*aimot be exceedcMl. 

In man the radio-active ] conleni of the lliyroid gland can be determined 
by means of a (iciger counter placed on the neck, over the gland. On 
administering tracer doses of iodide ujffake of the gland is found to 

be negligibly small in myxcedema 
but markedly enhanced in hyper¬ 
thyroidism (Fig. 617). 

.\s is shown below the ^^‘1* 
is later incorporated first into 
dii(Klotyrosino and then into 
thyroxine. 

The thyroid gland is tlie 
only organ in the body which 
can selectively absorb inorganic* 
iodide from tlie jilasnia. This 
procc‘.ss is paralysed by thio¬ 
cyanates (cf. phloridzin which 
jiaralyses tin.' reabsorption of 
glucose in the renal tubule). 
After administration of KFNS 
iht^ inorganie iodide content of 
the gland is low and is only 
incrt'ased when tin* blood iodide 
is markedly raised l)y giving 
large* amounts of KI. 

Before' the thyroid iodide 
can become* organically bound 
it must be first coiiverte'd by 
oxidative enzyme* systems into 

fn*(* I (id i HP. 

(2) F’ok.mation CM’ DiionoTVUo.si.NK .\M) Thvkoxtnk.- Tracer exjieri- 
menls show that the ioelidc take'ii up by the* gland, immediately after its 
oxidation to iodine, is first bound with tyrosine* to form diiodotvrosine. 

I* 

)cHj.(:hnHj.(;()oh f^ cHj.chnHj.cooh 

I* 

Ty rosin e I )i i < xj ot y ros i 11 c 

The diiodotyrosine eonceiitration in the gland the'ii progre*ssively falls 
and the thyroxine e;e>ncentration gradually rise's as the former is transformed 
into the! latter compound (Fig. 018). The formation of thyroxine may 


AFTER 

NORMAL HYPOPHYSECTOMY 



HOURS 

Kkj. (ilS.—Iodine Melnliolism in Xorm:d Tiiyroi<l 
and after .Hy|io}iliys<r<(imv. (Pearlniaii 
e.t al., EiHhx'riHy 1!)42, 30, 4t)7.) 

1* radio-activi' iiidiiir lixiH-riimiils in r.its 

ffillowiiii' ;idiiiiiii>lriitioii ori.oi* (as indidri. 

Lcroiiiirid I’i'iiire. StmunJ ml: distrihutiuii «»f i.n|* 
sinioiifz inorj».mi<- iodiflc., diiodotyrosineurnl thyroxinu 
(ojelions in tliymid irland, .Note «lefline of‘dliodo- 
tyrosine and f»ro}jris.*«ive iijerou.Mr in thyro.vine 
iMiiieeiit rat ions as tin- fornaT is inuisfbrriied into 
the latter. 

leipht-liand l’'i).'iire. IlifjHi/ifiifsirhnni.y'tf ml ; .Nole 
initial imn-asf! in diifidotynjsine, hut Un-re is no 
Mihseqnent derlirie as rtn Itiffrnj'inf i» formed. 
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result from the condensation of two molecules of diiodotyrosine with the 
removal of alanine tlius : 

I* I* 

ho/ "^CHjCHNHj.COOH-f H O-OH/JHNHa.COOIf-^ 

JjK j* 

J[>|: I* 

ho/ O—/ H’H„.(!HNH2.(!()()H+(’li3.(’IINK„.(;OOH 

1 * ^ 1 * 

Thyroxine (jmni-hydro.xy-jjlHMiyi Alfniiiu* 

ether of Ivrosino plus 4 1 atoms) 

It is presumed that diiodotyrosim* and tliyroxim* formjit.ioii rxTurs in 
the epithelial cells of the ^land. 

(3) Role of ttik Antkriou PirriTAKv. After hy])()pliysecloiny (in nits) 
thyroxine inetabolisin is disordiu’cd. Jtiorjianic iodide is taken up by tJie 
gland from the plasma more slowly and to a smaller extent ; diindotyrosine 
is, however, formed normally. The essential disturbance' is the almost 
complete arrest of tlie normal transformation of diiodotyrosim' into thyroxine. 
Only minimal amounts of thyroxiiu' an' formed atid secreted into the blood.^ 
The anterior ])ituitary (through its thyrotropliic Jiormone) has two main 
actions : (i) it activates the enzyme systems n'spousible for tin', conversion 
of diiodotvrosiiu' into thvroxiiie ; (ii) it stimulates the secretion of tlivroxine 
(Fig. 018): 

(4) Action of Tnio-CoMi»oi:Ni.)s. Many organic thio-eompounds contain¬ 
ing the chemical grouj) - N.C^S.N (e.^. thiourac'il) inl.(*rfere with thyroxine 
formation in the gland. Tlie absorption of inorganic iodide by the gland takes 
place noriiially but it is not converted into diiodotvrosine or thyroxine (cf. 
p. 900). These tliio-comjxmnds thus block the binding of iodine by tyrosine.^ 

(b) Action of Jnouoanic Iodide Levicl. Using thyroid slices, it is 
found that if the level of inorganic iodide in the medium is raisi'd to 10-1 b 
//g./'lOO c.c. (normal serum level is 3 //g.), synthesis of botli diiodotvrosine 
and thyroxine is dejiressed. 

(0) Formation of Thyroxine octsidk the Tiivroid Gland. —Thyroxine 
can be formed in small amounts in tho general tissues of tlie body. The 
evidence is as follows : 

(i) Radio-active ioilidc* is administered to com])h‘lely thyroid(‘.ctoniized 
animals ; it is subsequently found in the bound form in diiodotyrosine and 
in thyroxine, both in the "tissues and in the plasma. The* basal metabolic 
rate is raised because of the specific activity of the n(*wly formed thyroxine. 
It is claimed that thyroxine synthesis can even occur in the liypophysectom- 
ized, thyroidless animal. 

Although these observations on the thyroidless animal are true, the 
thyroid still remains the only significant site of thyroxine formation, probably 

* As explninecl on p. 031, in clinicul sovore hypopituitaiism, some thyroid scoreiion 
continues. 

® A sharp distinction should bo drawn lK?tweon tlio organic tliio-«;ompounds like 
thiruiracil and inorganic thio-conipounds like KGNS, which is discussed above (p. 074). 
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for two reasons : (</) it lias a miiqnely hujli iodide eontcnl which favours 
thyroxine formation ; (h) it may also contain an optimal concentration of 
the various enzymes whi(*li catalyze thyroxine formation. 

(ii) Thyroxine can lx* synthesized in vitro with surprising ease : («) If 
diio(lotyrosine-p<‘ptone is incubated with pepsin, it is built up into a ju’otein 
containing thyroxiiu' ; (/>) If s(‘ruui proteins or casein arc incubatiHi with 
iodine (in un|)hysiologically high concentrations, in an alkaline medium and 
at a higli tem]>orature), thyroxine ap|K‘ars (|)resumably derived from the 
tyrosine content (»f the protein) : the ultimate product may b(* more active 
than thyroglohuliii. It must, lu* remembenal, how(‘ver, that- the thyroid 
gland forms thyroxine under physioloyical conditiojis of iodine coiKauitration, 
;dl and timiperature. 

When dried thyroid is administered by mouth its physiological activity is 
greater than that jiroilin^ed by administering its thyroxine content alone. 
Jt seems probable that the diiodotyrosine (in jirotein combination) of the 
dried gland matxuial (ref»r(‘s(‘nting about of the t-otal iodine conbmt) 

is transformed somewhere in the body into thyroxine. (Pure {i.e. uncombifual) 
diiodotyrosine given by mouth is inert.) 

Aotjvitv ok TiiK Thvkoii). The diflereiit thyroid vesicles are 
not all in tlie same phase of activity at any one moirienl. They may be 
carrying out one or two of the following three ]>ro(a*sses : (i) forming and 
se(T<*ting thyroxine into the blood; (ii) storing thyroxine in the colloid; 

(iii) mobilizing thyroxine from the colloid store for s(‘cretion into the blood. 

Blood Iodine. Iodine is found in tin* blood mainly in two forms : 

(1) As inoryanic iodide (sO'Called Jiltrahle iodide). On a Jiormal iodine 

intake th(‘ inorganics iodide; in jilasma and cor])uscles is l(*ss than 1 //g 
(mean, 05 //g.). Its concentration bears no relationship to the lev(*l of 
activity of the gland but it immediately reflects changes in iodine intake. 
Thus the ing(‘stion of 15 grains ( - 1 g.) of KI raised the serum inorganic iodide, 
I hours later, to //g (— 2*3 mg %) ; this is the l(‘.vel that one expects 

to find if th(* ing<\sted iodide is uniformly dilfused throughout the l>ody 
water (- 501^. After 50 hours the serum inorganic iodid(* had fallen to 
lb /'g owing to steady <‘xcretion of ioilide in the urin(\ 

(2) As hormove iodine (i.e. thyroxine and also diiodotyrosine) ])rest*nt- 
in tile plasma only, and loosely bound wdth the serum albumin ; this iodine 
is precipitated out with the serum proteins. It is, therefore, also called 
jfreci})if(dde or prolein-bnnnd iodine. The normal range of hormone iodine 
is 4 -8//g -Til e serum hormone iodine level is a reliable index of thyroid 
secretory act i vi t y. 

(i) In myxo'dema its level is 0'2 2*5//g (nu'an 1*3) and is n*stored to 
normal liy thyroid treatment. 

(ii) Aft(n- total thyroidectomy in man the level falls to about zero, indicat¬ 
ing that hormone formatit)n outside the thyroid gland in man is migligiblc. 

(iii) In hypert hyroidism the average serum hormone iodine is 14 /^g - Jo 
and valin*s as high as 30//g liave been recorded (Fig. (>28). 

(iv) Partial thyroidectomy reiluces these high values to normal (or sub¬ 
normal) depending on tin* amount of gland excisc*d. Iodine therapy which 
reduces thyroid secridion in Graves’ disease, likewise lowers tluj hormone 
iodine lev(‘l (though it raises the filtrabh?, i.e. th(‘ inorganic iodide level). 

Actions of Thyroxine. (1) Gknkual IVlKTAiiOijsM.- The outstanding 
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action of tliyroxiii(‘ is to stIniuUite mHahoUam in th(‘. tissues f^eiH*rally, in¬ 
creasing oxygen consuinj)ti()n, presumably by catalyzing tli(‘. enzyme systems 
which ani r(js])<)nsible for oxidation ])rocesses. The exact way in W'hich 
thyroxine prodiua^s its effect is unknown except for the fact tliat it acts 
direclly on tluj tissue's. Thyroxine also promote's the (jrowth and development 
of the orffans generally ; this latter action is best denionstratcMl in the young 
thyroide(;toinized animal (cf. cretinism, p. 98b). 

(i) Action in Myswdemu. The' effect on metabolism is most simjdy 

studied in tin* liyjjothyroid patient. In one* case of Tnyxfjedema, tin* basal 
metabolic rate was l)elow normal (?.c. tin* B.M.R. w^is —3f)) ; lb rng. 

of thyroxine were given by nnmth in one d(>se. The H.M.K. (i.e. oxygen 
consumption, energy output) rose gradually to normal and then slowly 
fell to its original level which was readied at tin* end of six weeks. During 
this period the extra energy output due to the administ(*red thyro.xine was 
lti,<K)() Cal. ; each mg. of thyroxine thus increas€*d metabolism by an amount 
efpiivalent to the oxidation of 200 g. of glucose (i.e. J0(K) Cal.). .About J mg. 
f)f thyroxine daily ( 3 grains of dry thyroid), r(*stores the FIM.K. in a s{*vere 

cas(* of myxmdema to normal ; this result is an indication of the normal rate, 
of s(‘cn*tion of the hormone. 

Thyroxine has a long |K‘riod of lat(*ncy ; (‘ven after the intravenous 
injection of pun? thyroxirn* in man 18 hours may ('la])S(^ liefore there is a 
detectable effect. If one large dose of thyroxine is given there is considerable 
loss by excretion in tin* bile, and results an* obtained mon^ economically 
with small rejieated doses. 

It is customary clinically to treat hypothyroid jiatients liy means of dried 
thyroid given by mouth. This preparation is more active than would la* 
expected from its thyroxine content b(*caus<* (as mentioned on p. 97b) some 
of its contained diiodotyrosiiie is also converted in the body into thyroxine. 
The digestive juices do not inactivate the thyroid active*, principles (all the 
other body hormone's, however, are I(*S8 effective by mouth than by sub¬ 
cutaneous or other parenteral routes). 

Recently synthetic l- thyroxine sodium has b(*(*ji pre[)ared sufficiently 
cheaply to enable it to compete in piice with thyroid (‘xtract. It lias been 
used successfully in a series of cases of inyx(i»di*ma (tin* daily oral maintenance 
dose was 0-150-3 g.).^ This preparation has the aihaiitagc* over thyroid 
extract that it does not need biological or cliemical standardization. 

(ii) Action in Xonnal Snbject.s. —If thyroxine or dried thyroid is given 
to noniial subjects in doses wlindi cure myxa;dema, tin*, B.M.R. rises much 
less than would be expected from the results observed in myxeedema. ; in 
some cases tlie rise of B.M.R. jiroduced in the normal subject may be lu'gligible 
and tliere is no increase in the serum hormone iodine level. The explanation 
of the di.scr(*pancy may b(^ : (a) that there is a corr(*sponding compensatory 
decrease of thyroxine secretion by the normal gland ; (/>) that tin* thyroid 
takes up the excess thyroxine from the blood and dt*stroys or stores it. 

If dri(‘d thyroid is given in very large doses, e.g. 10 grains daily (the 
tlierapeutic dose in severe myxeedema is 3 grains daily), the serum hormone 
iodine level rises and many of the characteristic signs of hyperthyroidism 
develop, e.g. rise of B.M.R., loss of w’eight, fall of serum cholesterol level, and 
ra|>id heart rate* (Fig. bJ9). Exophthalmos is, however, n(*V(*r produced ; 

1 Hart and McLagan, Hrit. nmi. 1950, i, 512. 
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4 6 12 16 20 24 28 32 36 40 44 48 

WEEKS 


Kj(;. (JIO, - KITfots f»f* Ailmiiiist.mtioii of lOxfi-ssivo I )ns(‘s 
<»r in Xornuil IVrf^on. vi al., ,/. cHh. 

Jiirp.sii.ij., 104r), 2J, 72H.) 

Kfrronis froiri nhovt* cl»»\vnvvjinls fin* : 

Sf'rniii rholi stiTol in in«, HW» v<\ 
liiniy uj-iulit- in II).'.. 

1$M fi ns iHT uliovp or hrlow riorniiil. 

iStTiirii ]»nTipiiMl>l»* nit>ririoti<‘) icMlim* in ijlj' 

Smiin nitrnljlr iotliiif in Vi,. 

Do.^o of th.M'oicl mlininistvn.'d in Kinins prr day. 

'I'lio .>iil)j<‘rt was ti woman with .srlii/.orihri-nni hut ot.lnTWis«: ‘* cni- 
tJi>'roid." Noti\ }io\v<-v.-r. tlint diirirn.' ilif f(»ntrol period ih»* 
li.M.K. llii('tiiate<l helwrcn -- 10 anti - 
Tim dost' of t-hyroiil wa.s increased jit intervals of 4 weeks from .‘1 to 
0. lO, 15, 20 , attil liiinlly lin Kmins per day. The lushest rlost* 
was maintained f<jr H weeks nnd then ahniptly dls<‘ontlnueil. 
Note the progressive return of the various values to normal. 
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NERVE IMPULSES 



HYPOTHALAMUS 


this point is important in relation to the causation of cxoj)htbalnios in Graves' 
disease. 

(2) SrKC’iAL Metahoi.lsm. Tliyroxine promotes the af)sorptioii of 

glucose from the small intestine (p. ; in the liver it stimulates the con¬ 

version of glycogen into gliKJose and promotes glucos(‘ formation from non¬ 
carbohydrate sources. For all these reasons thyroxine produces a transient 
rise of l)lood sugar and glycosuria (thyroid diabetes). Large dos(\s of thyroxine 
may produce lasting damage to the islets of Langerhans heading to p(‘r.sisteiit 
liyperglyciemia and glycosuria. 

(metafkyroid diabetes (p.918)). 

(3) Hr<:ART. — Thyroxine 
accelerates the normal and the 
denervated heart; it thus has a 
direct f)cripheral action on the 
heart. Under natural conditions 
part of the accelerator action of 
thyroxine is secondary to the 
ra ised metabolism. 

(4) Bone. —Thyroxine modi- 
Hes the metabolism of calcium. 

It causes removal of calcium 
(together with phosphate) from 
the bones, leading to their rare¬ 
faction (osteoporosis). Unlike 
parathormone it does not raise 
the serum calcium, and increastKl 
Ca loss occurs in the heces as 
well as in the urine (cf. p. I()03). 

The effect is not due to the 
i 11 c r (* a s (» i n met a b o 1 i c r a t e, 
because no such changes take 
jdace when, for example, tin* 
metabolism is increased by fever. 

Similar (dianges in the bones 
are observed in Graves' dis(‘ase 
(p. Vi91). The mode of action of 
thyroxine on calcium metabol¬ 
ism is unknown ; it is, however, antagonized by a.dniinist ra tion of vitamin-H. 

(f)) Kidney.—T he action of thyroxine on the flow of urine, especially 
in diabetes insipidus, is discussed on ]). hj. It probably a.lso regulates the 
flistribution of fluid in the body; thus in myxendema there is excessive 
;fluid retention in the extracellular spaces (f). tl83), 

(6) Breast.- -Thyroid may promote the secretion of milk ([). 1094). 

Regulation of Thyroid Secretion. (Fig. 620).—The main nigulator 
of thyroid secretion is the anterior jnUntmy via its thyrolrophic horuwne 
(TSH, thyroid-stimulatiug hormone, thyrotrophin). The release of thyro- 
trophin is determined mainly by the levc*.l of blood thyrosinc acting directly 
on the pituitary, and |)ossibly also by various mechanisms which act rellexly 
via the hypothalamus. Other factors which influenced thyroid secretion an; : 
(i) the level oi'blood iodide ; (ii) variations in external tenijyeratarc ; (iii) possibly 



Kn;. U20.—of 'riiyroid Secretion. 
(After Means and Soskin.) 

A. I’., aiitrrior 

T.S.H., thyroid stirimlntiim hnniioiic (thyrotropinn). 
'IM.F., hypotladicul thyroid iidiihitin^ lienuoiir. 

Th., blood thyroxiur. 

D. blood iodiiif lovcl. 
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tli(» Hfpnpathetic iiorvo supply to the ^hind. Some workers claim that the 
anterior j)itiiitary may sometimes secrete a thyroi(l-//////7>///iA// hormone. 

(I) Role of Anterior Pituitary. Thyrotrophin (i) IIksui.ts of 
Hvi^oriTUiTARTSM—Hypophysoctomv leads to thyroid atro])hy ; the tliyroid 
is restored to normal by ])ituitary <^ra^ts. Similarly, considerabh* thyroid 
atrophy occurs in the classical clinical (‘onditifui of general anterior pituitary 
failure known as Simmonds' disease ; in this (rondition, however, the ^huid 
continues to secrete at a low steady rate. The 15.M.R. falls to 25 (‘ompanul 
with 10 after comjilete thyroidecOuny (p. 931). 

(ii) Thyrotrophin has been isolated from the a-nterior pituitary in a 
highly active form ; it is a glycoprotein. Jt is thought to be secreted by the 
basophil cells of the gland ; in conditions associated with e.\C(‘ss thyrotro})hin 
secretion the basophils increase in number and the eosinof)hiIs almost disappear. 
Injection of thyrotropliin ])rodiices characrteristic thyroid hyperplasia (i.e. 
increased vascularity, increased height of the epitlieliuin, cellular proliferation, 
decreased (a)lloid content of tlu^ vesicles), increased s(M*retion of thyroxine, and 
increased metabolic rate. 'Fhe histologi(‘al ap]>earanee restirnbh's that of the 
gland in Graves’ disease. 

(hi) F.atk of Thyrotrophin. —The hormone combines specirically vvith 
thyroid tissue and is secondarily inactivated by it. It is mon* raj)idly removed 
from the blood by a hyj)erplastic thyrohl : for this r(‘ason t in* concentration 
of thyrotrophin in the blood (or its rate of excretion in the urine) is not 
necessarily a reliable guide to its rate of formation. Th(‘ only otluT tissues 
which can inactivate thyrotro]ihin are the thymus, the lymph glands, and 
possibly tile (jxtraocular structur(*s. 

(iv) Control of Thyrotrophin Secretion. TIk^ control is ])artly 
nervous via the hyjiothalamus and partly d<‘t(*rmined directly l>y th(‘ level of 
blood thyroxine. 

(a) Nervous Control, —There is good evidence that stimulation of the 
hypothalamus causes the r(‘l(‘ase of several of the anterior jiituitary hormon(‘s 
(p. 931). It is possible that the hyjiothalamus also causes secretion of thyro- 
t rojihin. It is l)eliev(*d by some that emotional tmision causing hvpothahimii* 
overactivity leads to ov(*rsc(U'etion of thyrotro]>hin and tin* development ol’ 
Graves’ disease. 

(b) Role (tf Blood Tlnfriuinc. -V\\v s(*cretion of jutuitary thyrotrophin is 
regulatetl by th<‘ level of lilood thyroxine ; thus it is stimulated fiy a low 
blood tliyroxiiK* and inhibited by a raised blood thyroxim* level. Normally 
the activity of the [lituitary and thyroid are finely integrated to maintain an 
appropriate blood thyroxim’ h’vel with its resulting (‘fleets on the activiti(‘S 
of th(‘ general tissu(5s of the body. 

In any condition in wiiich the blood thyroxim’ level is kept abnormally 
low because ol n’duced tliyroxim’ s(*cretioJi or because of increased thyroxine 
utilization, there is increased secretion of pitnitanj thjrotrophin and conse- 
qutmtly thyronl hyperplasta (ij thyroid tissue is present and is responsive). 
Such induced thyroid hypeiqdasia always regresses after hypo])hysectomy. 

Thyroxine decnaises the oxyg(‘Ji consumption of thyroi(i slices though it. 
increases tln^ oxygen consum|»tion of all the other "tissues ; cjrccss blood 
thyroxine way thus also directly depress thyroid secretion. A fall of blood 
thyroxine jiroduces the niverse eflec^ts. 

(v) Thyroid Hyperplasia Ini.)i;ced via Thyrotrophin nv Low Blood 
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'I’hvkoxtxk IjF^vej.. Hyporplasiri cansod in this way niav 
foliowiii«j: conditions : 

{(i) Iodine insnffirirncji in tljc diet (p. 080). 

(/;) Poimnini) with or<]nnic thiowompomuls (e.fj. thiouracil) and similarly 
actin" substances, wJiicdi inliibit the iodination of tyrosine in the thyroid 
and so prevent thyroxitie Idrrnation. The thyroid undergoes pro^rressiv(‘ 
eiilar^(‘ment, c.//. from b to 25 per J(K) g. of Imdy weight and shows 
characteristic hypcuplasia. The thyroid decreases in siz(‘ after hvpo|)hv- 
sectomy (p. 080). 

(r) P(dsunin(^ with KPMS (thiocyana.t(^) wdiich interferes with iodine 
uptake* by the ‘ilami and therefore^ wdth thyroxim* formation. In a clinical 
case of this condition the thyroi<i was enlarged ami hyj)<‘rj)lastic owdng to the 
comp(*nsatory pituitary overactivity ; tliere w^ere (as would be exp(‘cted) 
clinical signs of hypothyroidism (e.g, B.M.K. of - 18) ; the serum hormone 
iodine level was depressed (to 2*1 /^g-%). On administering thyroxine the 
blood thyroxine (aiid B.M.Tl.) rose and the thyroid became smalier. 

(d) Partial thyroidectomy results in decreased thyroxiiu* formation with 
conse(|uently imu’eased secretion of thyrotro])liic factor; the remaining 
p(»rti(m of the thyroid enlarges and shows hyperplasia, and its colloid and 
iodine content are reduced as thyroxine secretion is stimulated. After 
comj)h*te removal of the thyroid (and in severe myx(i*denia) the blood and 
urine h.*vels of thyrotrophin are increased (but of course then* is no thyroid 
tissue for thyrotro|)hin to act U|)on). 

(c) The thyroid c-ornmotily enlarges during adolescence, in the latter 
part; of the menstrual cych* and during j>reg!nincy. 7'he enlargtunent 
may b(? secondary to increas<*d thyroxine utilization lyv the reproductive 
organs. 

(vi) Aennx OK Thykothochin on ExTK.\o(’rL.\K Tissues. In many 
specif*s ant(*rior pituitary extracts produce exophthalmos. In experiments on 
fish tin* (*xo]>hthalmos is due to a great (fivefold) increase in the amount of 
Iluid in the r(*trobulbar sj)ace, .As the ocular changes also develoj) in the 
thyroidless animal they are not mediated by thyroxine. It is suggested that 
the extracts have a direct action on the orf)ital tissues causing (in sonic 
unexf)laim*d w’ay) more extracellular fluid to be formed than can be 
r(*moved by absorjition ; there is swelling not onh^ of the retrobulbar tissue, 
but also of tin* ejiraoralar muscles and the conjunctiva. 

It is generally su])post*d that the |)ituitary hormone (thyrotrophin) 
which stimulates the thyroid is identical with the substance which j)roduces 
this experimental exophthalmos. 

Tlu*re is gr(*at uncertainty about the action of thyrotrophin on the eye 
structures in man. The jmssible relation of thyrotrophin to the eye changes 
in (Jraves' disease is considered on {). 1)95. 

(vii) It has be(m suggested that the anterior jutuitary may und(?r some 
(urcuinstances secrete a thyroid-inhibiting factor. Thyroid w'as administered 
to rats ; injection of extracts of their anterior ])ituitaries into guinea-pigs 
HMluced the size of the thyroid, the epithelium became lower, the vesicles 
were distended with colloid and the B.M.R. w^as reduced. (In control experi¬ 
ments, extracts of normal rat anterior pituitary produced characteristic 
hyperplasia.) 

(2) Role of Level of Blood Inorganic Iodide. -The level of blood 
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inorganic iodide dc})<Mnis oti the iodivv infalr ainl its nite oi' utilization atul 
excretion. 

(i) An iide(jiiate italine intake is necessary for normal thyroxine formation. 

(ii) Iodine deficiency depresses thyroxine formation and leads to thyroid 
hy])erplasia combined with hypothyroidism (p. 987). 

(iii) Administration of excess iodine has no eftect on the tiorntal gland. 

(iv) In most states of thyroid hyperplasia, however, iodiiu' treatment 
leads to characteristic changes : there is incr(‘as(‘d accumulation of a colloid 
which is rich in iodine ; the hyperplasia. regress(‘s, e.y. the height of the 
e}»itheliiim is reduced, and h^ss thyroxine is discharged into tlie circulation. 
Thus a high blood>iodid(‘ level favours (‘olloid storage ratlier than hormone 
discharge ; in fact it impedes hormone secretion. In dravc's’ disease, iodine 
medication reduces thyroxine secretion and so improves the clinical state : 
the vesicles which w(*re previously emf)t.y, become tilled with colloid. Similarly 
the initial effect of administering small doses of iodine in cases of iodine- 
deficiency goitre* is to cause colloid accumulation and consequently, further 
enlargement of the goitre (]>. 987). 

The way in which a raised blood inorganic iodide level |)rodiices its effects 
in hyperplasic states is unknown. 

( 3 ) Role of Sympathetic Nerves. —The inlluence of the sympathetic 
on thyroid secretion is probably unirn])ortant. No changes in the structure 
of the gland or in the B.M.K. follow denervation of the thyroid. It is claimed, 
however, that sympathetic nerve stimulation decreases the thyroid iodine 
content and increases the blood iodine concciiitration. 

( 4 ) Role of Body Temperature. -The rate of thyroid secretion is 
affected by environmental temperature ; a fall of external temperature 
increases the secretion. Thus in the rat, if the rat(^ of thyroid secretion at 
35° C. is taken as unity, the rate increases to 3*0 when the external tempera¬ 
ture is lowered to 25" C. and to 5*5 when it is lowered to i ’ C. The extra 
thyroxine wdiich is released stimulat(‘s the metabolic rate, iruireases heat 
production and so helps to maintain body temperature. Characteristic signs 
of thyroid hyperplasia develoj) in cold enviroiiments. 

Valuable information about the physiedogy of the thyroid gland in man 
is obtaimvl from a study of clinical ca.sfvs of thyroid deficiency (myxeedema 
in adults and cretinism in children) and of thyroid excess (hy])erthyroidism, 
(Jravcis’ disease). 

Thyroid Deficiency in Man. — 1. Myxeedema. —In man, total extirpa¬ 
tion of the thyroid gland in adult subjects {e.g. for malignant growth) produces 
post-operative myxeedema ; a similar result may follow excessive removal of 
thyroid tissue in patients with Graves’ disease (cf. Fig. fi23). The symptoms 
set in within a few weeks or months after the operation. An identical clinical 
condition of myxeedema occurs spontaneously in adults—especially in women— 
from atrophy of the thyroid gland (Fig. 621). Minor forms of this disease 
arc common ; the gland is usually small, the vesicles are few and contain 
little colloid. 

The chief symptoms can be readily understood if it is remembered that 
owing to lack of thyroxine many of the activities of the body are depressed. 

(i) There is a diminution of mental activity, los.s of memory, and slowness 
of thought, speech, and movement; there is considerable muscular weakness. 

(ii) The skin becomes dry and coarse ; the cheeks are parch meat-like in 
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apjM'jinmcc, and tln*n* is a, slight malar llusli. 'rini liair is roarsi^ and lends to 
fall out ol th(? Ins'id and I li(‘ outer thirds of tln^ ey(*l>rows. Tin*, suheutaneous 
tissues are inliltrate<l with (*xeess fluid containing a. inuco-protcun giving a 
y)ufty appearance to tlie l)udy. The capillaries in jnvxcedcuua. are said to be 
excessively j)erniea.hle to proteijis. Tin; (edema is characteristically firm 
and solid.*’ 

(iii) The sexual I unctions are disturbed ; amenorrh((?a conimonly d(*v(‘l(>ps 
in wonnwi.^ 



Fio. r»LM. -Treatment of Myxcudeina with Thyroid. (Harington, The. Thyroid Gland, 
Oxford rniversity J*ress, 19.’h‘h) 


A. PatitMit, (if#, iM'ilridiieii :iiul iiiibiMiilc from myxoMlcina of twrnty yfarf>' stimilins;. 
n. Saim* patient affrr llfterii tri'atnu'Ut witti thymul. Tho n't;rt>\vtln)f hair is a striking t’eatnri'. 

Tin* liculMi Wits iiDniial, and sin* was liappy ami nirntaliy alert. Sin* dinl at the am* of IM. aftiT 
tWfMity-ninc yrars of viirorniis lilr iindrr trratmi*nt. (Itavi'n’s <*asi*.) 


(iv) The basal rnetabolitr rate (B.M.K.), i.v. the entTgy output of the 
individual at complete rest 1*2 18 hours after a. meal (]). 377), is diminished 
to 30 or ev(;ii 4r)‘’„ below normal (B.M.R, is —30 or -15) ; in other words, 
the rat(' of oxidation in the tissues is greatly diminished. The pulmonary 
ventilation, tin* oxygtm consumption, tin* (X )2 output, the nitrogt*nous excre¬ 
tion in the urine are all diminished, because the general metabolic activities 
are depressed. As the tissues need less oxygem, the out|)ut of the heart is 
reduced, e.g. to 2*r> litre's p(»,r niinute. This is due in ])art to a decrease in the 

Mn monkeys, thyroidectomy results in amenorrhcfia; the menstrual periods are 
restored by t/hyroid treatment. 
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heart rate and in part tn a diminution of the out})iit })er beat. As heat pro- 
dnetion is decreased the l)ody temperature may b(‘ subnormal (p. 474) ; 
the patients show increased s(‘nsitivitv to cold ajid react less well than normal 
subjects to a cold environment. 

(v) Body weight increases because of decn^ased metabolism and the 
extensive oedema in the skin and int(‘rnal organs. 

(vi) Certain blood changes occur regularly in myxoedeina (Fig. 623). 

(^/) The s(»rum rholfsfrroJ i.s increaj^ed from the uj)])er limit of th(» normal of 
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Fia. 622. “Heart Changes in Human Myxcedema. EfiFects of Thyroid Therapy. 
(Master and Strieker, Ann. int. Med.^ 1941, 75, 124.) 

A. TclcrociitKend^rani and rlcctrocardinprani (I.rad II) in case of jM»st.-«>perativc inyx(«deuia, BMJt, —20- 
heart rate 70; Jil’, 1 (K)/7(); some preeordial pain and MhortncHS of breath ; lieurt “ water-bottlc-simpnd '' 
(enlarireuieut of tran.'^verse diameter) : low volUiKe tHtHT wave.s. 
ll. After two months of thyroid treatment; the tieart is smaller and eontraets vigorously; increased Q RST 
voltages ; there i.s slight left axis deviation. The heart rate is increased. 

3(K) mg- % to, for example, 400 or even 700 rug- %. The blood fatty acids and 
phosphatides follow the serum cholesterol h‘vel, i.e. then^ is a general lipaiinia. 
The changes in serum cliolesterol are well correlated with the clinical state 
and with the level of the B.M.R. It is believed that a serum cholesterol 
level below 275 nig-% excludes a diagnosis of myxendema. 

(b) The plasma protein l(?vc1 tends to be raised. 

(c) The serum hormone iodine (precipitable iodine) is diminished (p. 976). 

(d) Anwmia commonly occurs ; it may be due to iron deficiency or other 
causes, but sometimes it is the specific effect of lack of thyroid secretion 
leading to depressed activity of the bone marrow. In such cases the anaemia 
is relieved only by thyroid treatment (p. 194). 
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(vii) (‘liJi.n^r.s ill iJu* In-art an* typii-al {nufja-fh'nm hrtirf). TIm* lirart 
is nnlargod in its transverse diameter, is fla])l>y, and enijtrants sluggishly. 
The ventricular waves (QTiST) in the electrocardingrarn are ol* low voltage. 
The cardiac output (as sta,ted) is decreased. It is suggested that the heart's 
funeti(ui is distuiiied hy <r‘deiiia of the muscle fibres (Fig. 0*22). 



F](j. 02.‘1. (’hiinpes in OKhmI aiui Motah(jIisin in Post • 
ojM'rat iv»- MyHesulls of Thyn)i(J "riicrapy. 
(Aftnr (iilcb'Ji f7 a/., J. din. Inresfitf,, JJI.'iU, IS, 717.) 


OnliiiMti's from ;U»ovr (lo\vnw:inI*< : 

Srnim (•li()l<’'<tfrol in nit:. p'*«’ leo ir. 

IMasniii protfin in jr "j,. 

Ums.-iI iiH'talioIir ratr ;is por rmt. ;»l»ovf or ImIow normal. 
0 - normal. 

Tin- patinnl was llrsf sni-n on Oi-tobor 21>, liria, with si};ns nl’ hi/per- 
thi/n/itlisiii : M-rnni <-ln)lrst«-rol UK) inji : It.M.ll., i IP. 

At first arrow (Ni.iv«*mlM'r 17, liKt.n fmriial t/n/fnidt'rhimt/ was |u'r- 
forim-d wliii'li w;is (ollowi-d hy iiost-fiiu-r.iMvc- mftxnxhnim. 

Not<* : (i) Uisn in siTiim oliolrsti-rol (to liOP mir (ii> Hi.si- in 

plasma proU ins (lo s-2"„). (iii) Fall in U.M.H. (lo oiM. (i\) 
Uody wnijrht. rose and n-dcma drvt'lopr<l. 

Thyroid tr»-atmi-n( was bniiiin on .lanuary h, Jl):ir>. Ji jirains daily 
to Fidirnary 12, and I «rain daily subsequently. 

Note : (i) Fall in serum eholesterol to about 200 (ii) Vail in 

plasimi [irotein to about 7"„. (iii) Irrenulurly inainlaiin d im-n-asc 
in U.M.K. 

On .Inly N, J02S, thyronl treatment was st»»pped. 

.Note; Tlie «-ba.raete‘rislir blood ami U.M.K. eban^es of inyxo-dema 
returned. 

On Aiijjnst 2r». ISKts. tbyroni treatment resunn-d. 

.N^)te : Sii^ris of myxo-di-ma eleare»l up. 
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All th(‘ syiiiptorris of myxoedema can be abolished by the prolon^i^ed 
adininistratiou of thyroid extract or thyroxine. (Fi^^ b23 and its legend 
should be carefully studied.) 

2. Cretinism. —In this condition there is congenital absence or mal- 
development of the thyroid gland from causes which are not definitely known. 
Symptoms do not appear till the age of six months, possibly owing to the 



Fro. Cretin, aged 28, before treat¬ 

ment. Height, 34J in. Murray’s ease, 
June 1895. (Swale Vincent, Internal 
Scerrtion and Ductless Glands. E. 
Arnold & Co.) 


presence of sullicient thyroid substance 
in the mother's milk. The symptoms 
an* as follows ; 

(i) Tin* xarious mil(*stones in llu* 
ctHirsi* of the chihrs d(*velopnieut 
holding tin* head uj), sitting iij). 
walking, speeeli are reached niiicli 
later than normal. Mental d(‘velo|)- 
ment. may be very })ac*kward, and the 
child may be a complete idi(>l. There 
are anatomieal ehMng(‘s in the central 
nervous system ; nerve c(‘lls and 
fibres fail to appear or to matun* ; 
nerv(‘ Iraets mv(*linate late or not 
at ail. 

(ii) Bony growth is n‘tard(‘d ; the 
skeh*ton is small ainl stunted (Kig. (>24). 

(iii) Tin* secondary s(‘X characters 
<lo not (h‘V(‘lop. 

(iv) The skin is t lii(‘ken(‘d ; the 
tongue is (*nlarg(‘d and [)rot.rud(‘s from 
tin* nnnitli ; deposits of fat aj»pear, 
especially above the eiavieles. 

(v) Tin* serum choh*st(*ro] rises (as 
in myxeedema, and is of similar 
diagnostic signifiearief*). 

(vi) Creatim* excretion in the urine 
is less ill cretins than in normal 
children. The normal out[)ut on a 
meat-free diet (containing 2 g. of 
protein per kg. body weight) is () ()-7-8 
mg. daily ; in cretins it falls to 0 3*8mg. 


(vii) Constipation is coninionly present. 

Owing to lack of thyroxine, projier development of the body does not 
occur ill the cretinous child, just as all bodily activities are de.pr(‘ssed in tin* 
adult. 


(V)iisid(‘rable improvement can be obtained in cretins by means of thyroid 
therapy : if treatment is begun very early in life the child may grow up into 
a perfectly normal adult, but if treatment is delayed, less satisfactory develop¬ 
ment is obtained, particularly on the mental side. 

3. Simple Goitre (Iodine-Deficiency Thykoid HvrERPLASiA).^—In 


* British Mo(ii(;al Itrscaroh Conimittf‘o Mciworuudiim No. 18, Thyroid Enlargement 
and other Changes related to Mineral (kmtent of Drinking Water., 1948. 
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this (’oixlition tliore is ♦‘nlar»(‘nH‘Tit oJ’ the thyroid, a.ssocifit(‘(l paradoxienlly 
with signs of //////otfiyroidisiii. A survey of the distribution of the disease 
in fliflenMit parts of the world sliows that it is related to a relative or a bsolute 
dvjirieucy (tf iodine in the water supply in relation to bodily nef'ds. The 
normal iodine intake, is 2t) 200 //g. daily. |Other rmvironinental factors may 
also be involv(‘d, e.y. the ])resenee in the diet of toxic agents called yoilroffens 
t.r. substances that interfen* with thyroxine syntln'sis in the thyjuid. as 
explained on p. ItSSj. Simple goitre can bi* produced ^‘.xperimentally in 
animals on an iodine defieiont. di(‘t (Figs. (>25, ()2t)). 

The thyroid changes in simple goitre, an* j)roduced as follows : bec.aust* 
of the lack of <lietary iodim* or the toxie action of the goitrogens, thyroxine 

BA C 



Kjo. (>2r>. .ExfMJrimental Production ol Simple 

Goitres (Hyperplastic and Colloid) in Dogs. 
(Mellanby, Sutriiion and Disease^ 19114.) 

A—Noniuil tljyr(»itl trlaiul t»f tlo«. Weight 1 jr, 
li—HyperplHHlir fzlHiiil. Wpijrht 100 resullinu from 
iofliiip-OpHricnt Oiet for H y«*ara. 

C -Colloid jioilrc. Wciirlit 17S lodine-dplloipiit diet 
for JO inontlis, f<»llo\Vfti by IG^utr. ofiodinn daily for 

8 inoMthH(l /It;.- 0-001 iiik.), 


formation is dej)n‘ss(*d. Tin* anterior jiituitarv is stimulatt‘d to s(‘(;rete 
excess tliyrotropliin (|), 1)80) ; th\Toid hyp(‘rj)lasia. results, with the tyf)ical 
increase in tliyroid weight, deercas(* in the amount of colloid in the vesicles 
and an increase in the height of the lining epithelial cells (Fig. ()2<), B). In this 
stage of liyj>er])lasia, tin* iodine content of the colloid of the liiiman thyroid 
in simple goitre may be as hiw as 0 .*^ mg. per g. of dry thyroid (normal 
value is over 2 rng.) ; of tin* iodine |U(*sent only a tract* is in the form of 
thyroxine. 

Sometimes the thyroid in a clinit'al case of simph* goitre consists of vesicles 
which are not coll.‘i})s(*d, but, (Ui the contrary, enormously distended with 
colloid colloid yoi/re ; scctuidary dcgtmeratdon may octnir in sucli a gland, 
giving rise to cysts, (colloid goitres can also be produced (experimentally ; 
the proteedure is first to ^iroduce a hy])eTplastic gland liy means of severe 
iodine deprivation and then to add ininutt* and quite iiiadetjuaD* amounts of 
iodine to the diet. In tin* experiment showm in Fig. (>25, C a hypterplastic 
goitre w'as converted into a eolloid goitre (witli furtli(*r increase in size from 


OSS KXl’EHIMKXTAI. (;01TKK 

Ion In ITS K.) l>v addinii indiiM* d.iily Ij) tln‘ di<*< (I //.u;. 0-on| mji.). 

The innoinit nf indinr ;idniiMis!«*mi was tliiis siiflicinil to pnMliicc colloid 
storaiic vvillioiit rvstoTiui* flu* ‘•land to normal. Mad lOt)ol iodine hccn 
adniinistcrctl dailv tin* inland irnuld have lM‘conic smallc?- and linally i*ctnrncd 
to imrmaL 

Simple ji;oiti'(‘ can he prevent(*d in mo.st cases hy leniedyiiiu; the iodine 
deficiency. In Swit/cMlaml since I'.ci'i iodized salt has been available con¬ 
tainin'; i in 200.000 loditie ; no inotlnM* takini; such salt dnrlne; tin* last 
live months preenancy has ijiven birth to a. child with a i^rntn*. In this 
comn'ction it should b(* rememb(‘red that inilk. meat, bread, cabbage, and 
veg(‘table oils contain no iodifie : the daily <*onsnmption »>{* sea. tish (2 oz.) 

A B 



Fio. (>2t).—Relation of Todine Content of Diet t<^ 

Thyroid Structure fin Doj;). (Mellanby, Nutri¬ 
tion and 1934.) 

A Thyroid on a diet rontainin^ cod-liver oil (containing 
iodine)—normal Htructnre. 

H - Thyroid on the same diet, except that tlio oil waa pea-nnt 
oil (contains no iodine) -marked livfierplasia. 

and cod-liver oil (‘5 drms.), which an* rich in iodiiie, forms an adequate 
prophylactic dnrin<;; pre‘jnancv.‘ 

The minimum iodine intake needetl to pn'Vfmt goitre probaltly varies witli 
circiimstamres. \n .srime cr>nditions the, bodily needs for food iodine may 
increase ; unless additional amoniits of iodim*. an; tlnm snpfdied, goitre niav 
develop). Arnon'r sii(di |)redisposiii<^ factors to sinif)Ie goitre protlnction are 
puixnty, pregnancy, ami certain infections. One mg. of I daily is sufficient 
to provide for all contingencies. 

Chemically Inditced Tjivroii^ Hvcerplasia and Hvi’othyroidlsm. 

As already indicated the combination of liypothyroidisrn and thyroid 
hyperplasia, wdiich is characteristic of sinijde goitre, can l)e induced exp(*Ti- 

1 After 1951 all s.ilt iti Rritain is to 1 m^ ‘‘fortifietl ” with Kl or .Val in an amount 
equivalent to 15 30 parts of iodine per million parts of .salt. 




(;ra\ es’ disease 


ni(‘ntiilly l>y m;my administfMMl in the diet (even vvlirji tin* iodirn- int-jilvr 

i.s iid<‘(jii;itt‘). Ainonjij tin* mon* iin|Hirtant an* crrlaiii imfiunr siiJjtlnn- 
(•onliiiniiiii compounds ((‘specially fJtifmraril), mrl1{)tr d(*rivativcs (includine 
tlic Ktdphoniintldcs and ainino-bcnzoic ac.id) and some ])lanls ol* lln* lirassi(‘a 
lamily rape s(*ed). Tliesi*//n/7./-o7c>(..s-indtici* liy|>otliyroidism hy inlerferinu 
with thyroxine synthesis in tlu^ inland. They ha.ve no peripheral lU'Ul raliziiiL^ 
a.(‘tion on thyroxim* so that, t heir syst(*mic elTects on the animal as a whoh* 
an* abolished by tin* coincichmt administration of thyroid hormoia*. Tin* 
thyroid hyperplasia is din^ to (‘XC(*ss thvrotn)phin sccn*Tion (]>. OSO). 



Fmj. Slrijctare and Itadid-aiilo^rapli otThyroid in Normal and in (Jra\c.s’ Disease. 

(Hamilloii, Radiology^ .VJ, aa?.) 

A. Normal tiiyroiil. Lclt . l’lioioiiiirro;rra|'l> : Klijlif roiTrspoiiilim: ra«lio-;tiito.irra|ih. Non* Ihaj Ok- 
jMi'Sfiin- ol radio-.'K’tiv*' ioilan- in 'Jlaml proiliiefs. .an'as ol ilarKniini:. Urns (it'inon^tralitj;' tin- dU- 
trilnilioii of thyroid lit)rmonr. 

a. Hy|uriilastic thyroid, hfll Soiui- of tlir lari'!* vi-.sh'h-s an* lill».*d vvilli colloid, olh!*rs an* i niiity. 
RiKht - Itadio-aiittiiTiaiili .•iho\v> (haf nio'l ofllii* radio-a!*tivc iodine is in tin* f'r>rincr M*sicli*s. 

Hyperthyroidism (Graves* Disease, Exophthalmic Goitre). —In tJiis 
diseas(* there is excessive atddvity of tlu* thyroid ghind. The gland is usually 
only moderately enlar<j(*d ; the ve.sich's vary in appearan(*i‘, sotne a re (■olIa.[)sed 
(Fig. hlti, (^), others are enlarged, and their ei)ithelimn is thrown into folds. 
Sonn* of tin* large alveoli are empty fd* colloid, whih* others an* tilh'd with 
colloid rich in iodine (Fig. t)27). The average iodine eoiiteut of the colloid is 
very low, ai)out ()*2f) mg. per g. of dry thyroid (normal 2 mg.) ; the eonceiitra- 
tions in the thyroid of all the three iodine fractions is reduced, the thyroxim* 
l)eing (*sp(‘eia.lly aifeeted as it is !)eiug ra]>idly secreted into the blood. Tin* 
jdasma hormone iodine level is markedly increased and is |)rol)ably tin? most, 
reliable index of the degree of overactivity of the gland (Fig. 028). 
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MF/rAIUILISM IN GRAVES’ DISEASE 


It is iiitervstiiig to note tlmt in (Travos’ disease there is oftcni great enlargiv 
iiKMit of ( he thymus and liyperphisia of the lymphoid (issues. Extravasations 
of lyni])hoy(‘yt<.'s (lyrnphorrhages) are found in the skeletal rnuseles and 
especially in the eye nius(‘les. R.eni(»val of tlie disea.sed thyroid leads to 
regression of (he tltyinus. 'fhe significance of tliesi* findings is not known. 

The initiating (‘actor whic-h causes the thyroid (o hecome overactive has 
not been i<lentiH(‘d, bu( emotional stress acting via (he liypo(halainus on th<* 
anterior jiituitary ([>. 98(t) may sometimes play a part. Some* cases of simple 

admioma of tin* thyroid 
may, a( some* stage, l>egin 
to secretf* <*,\'cessiv'ejy and 
produce sympt.oms of 
liyp<'rthyroidisni. 

'flic main changes in 
(rraves' disease an* as 
follows : 

(1) Mjf:T.\noia(' Hatk. 
The cardinal symptom is 
(In' iuerrased hifsnl mrta- 
hoiic ratCy which is (.he 
result of excessive secretion 
o f t h yr o X i u e. T h e 
pulmonary ventilation, the 
oxygen consumption, the 
CO 2 oiit[)ut, the nitro¬ 
genous excretion in the 
0 5 10 (5 20 25 30 uriiK^ are all increased as 



DAYS AFTER SUBTOTAL 
THYROIDECTOMY 

t'lo. (>2S. ('lijoims in Senna Pncipilable Iodine 
(IIiinnoiK' l<«line) in ease*< nf Hyin'rlhyroi<lisin 
belore iind after subtiaal TIiyroitt*<-loiMy, 


a consequence. The energy 
output at rest may in 
moderate cases be SO’Jb 
above normal {i.e. B.M.Ii. 


(Winkler e/a/.,./. r’//a.////v-sOf/,, luui, 407.) +50) and ill severe cases 


rill; iKjniiul raiiirf nf .'.••riim lienneiH' ioUin*’ is 1 | Q () 0/ a, (> O V C 11 O T m a 1 

A(liiiini>>tr;irKiri t»l nn t;i|ii-iiii«-o( jiMliiif li-inponirily loNsentl m Vi 

tlic Irvi'l f»t\s( riirii lioniiein-ioHitic. A«liiniii>tr:iTioii ot judiii)’ .iv. i 100) ( C tg- 221, 

wiia slopped (Ml d:iy of iip' ialien. ‘i77\ 

Ueiiioval of the thyroid fiirtiier hiwend the ‘'eriiin hoiinoiie e’ 


iodine level. In the lower eurve Ihelevrl lieranie .suhnonii:iI. pj) HL(K>I» liOllMONK 


Lkvkl.- TIh.^ level of 


hormone (preeipitalde) iotline in tie* .serum is elevated (o a. dt*gree wliicii is 
jiroportinind to the sev<*rilv of t-ln* clinical tiistdirbanct* (Kig. I)2S). 

{l^) Cir('i;lat 1()X. -- The ratt* of the h(*ar1 is gn*atly imu’eased (c./y. to 110 
per minute at rest) ; the diastolic njcovery period is thus gnuiUy shortened. 
Tlie cardiac output (and therefore the work of the heart) are likewise increased 
to supply larger amounts of oxygen to the overactive tissues. To inertjase? 
heat loss and thus prevent a rise of body temperature resulting from the* 
increased heat production, the cutaneous art(^rioh*H and capillari(*.s an* dilat(‘d 
and the skin is Hushed and moist; skin temperature is notably raised in the 
toes and to a less extent in the lingers. The i)loo<l jiressure <lnes not show 
constant changes. 

Tliyroxine a.ceelerat(‘s the heart and increases its excitability partly by 
a direct action (]>. 271) ; it is not known wdictlicr thyroxine in e.xccss dinuitly 





EYE SI(;NS W GRAVES’ DISEASE 001 

damages tlit* lieart nuiscJe. Signs of heart failure often superv(‘ne, and auricular 
fibrillation may devt^lop. 

(4) S]*K(UAL Mktaholfsm. (i) There are signs of mild diabetes; the 
blood sugar may be raised (mainly because of increased conversion of glycogen 
to glucose in the liv<‘r) and (jlyrasuria is fr(‘(|uently ])res(‘nt. The glucose 
tolerance curve is raised, ])artly owing to more ra[)id glucose absoi ption from 
the bowel. 

(ii) Th(^ serum cholesterol is lowered, e.y. from the av(‘rage norjnal of 
180 mg. down to 120 mg : th(‘ total i»l(Mj<i fat conc(*ntration is likewise 
decreas(‘d. 

(hi) In normal adults creatitFC is abscuit from the unii<^ or prestml only in 
trac(‘s (normal range 0 GO mg,/24 hr.) ; in Graves' dis(*as(* considerable 
creatinuria develojjs (Fig. G.‘]2) associated with an eh'vation of tlie seruin 
creatine level. Thyroxine apparently interfen‘s with the retenlion of cr(*a1ijie 
in the muscles. Normally, if a test dose of 2-G g. of creatiiu* is ingested, 
about 70 80'\, is retained in the body (])resumably in the musch's) the rest 
beijig (‘xcr(‘t(‘d in the urine. In Graves' dis(‘ase a much smaller fracticui is 
ndained and corn'spondingly jnor(‘ is excreted. 

(iv) There is some rarefaction (d' the from mobilization of calcium 

salts and their ex(;retion in the urine (serum calcium tends to fall). 

(v) Th(*r(? is fretjuently dejiressed //ecr function as sh(>wn by the result.'* 
of the galactose test (]>. 830). 

(b) A fine tremor of the v(»luntary muscles is present,; it> mode of produc¬ 
tion is unknown. 

Role of Vitamin Lavh,- Some of the chang(‘s in G?'av(*s‘ dis(*as(‘ may be 
.secondary to vitamin defici(*ncv. Thu.s an increase in ti.ssue metabolism lead.s 
to inerea.sed utilization and then*fore to a greater n(M*d for tlie vitamirrs 
of the /^grouj). As the patiimt's appetite and food intake are j»oor, vitamin 
lack develops. In hyjierthyroid animals it is ])ossibh* to prevejit the usual 
de})letion of hepatic glycogen find the loss of weight, and also to nsluce the 
pulse rate by giving the vitamin-/^ com]>lex. It is claimed that clinically, 
pyri<lo.\ine (p. 1028) improves the muscular weakne.ss, and that if vita?nin-/> 
is added to the diet the characteristic calcium loss from the boiH‘s may be 
|)revcnted. 

(G) Kvr: Signs jn Gr.we.s* Disease ^ (Fig. G29). The ])rinci])al eye 
chang(*s are : (i) exophthalmos ; (ii) retraction of the U[)per lids ; (iii) weak¬ 
ness of the external eye muscles (ophthalmoplegia). All these eye signs are 
largely due to exce,s.sive depomtion of fat at the l)ack of the orbit and in tin* 
external eye niu.scles. The resulting increase in the volume of the retro- 
and })eri-bulbar tissues jiushes the eyeball forward, |)roducing exophthalmos. 
The levator ])alpebrae superioris is very commonly intiltrated with fat to a 
cojisiderabh* extent ; this may be the cause of the spasm of this muscle which 
leads to the retraction of the upper lid. The fat content of the external eye 
muscles is always increased ; in chronic cases these muscles show- marked 
degenerative changes with disintegration, infiltration with lynipliocytes and 
disappearance of many fibres (Fig. 630) which account well for tin* muscular 
weakness. It should be em])hasized that these changes are not limited to 

^ Brain, Lancet^ ii, 1217. l*oehiii, Clin. Sci.^ 1930, 7, 91. Kimdic and Wilsiui, 

(din Sci.f J944 4;"), -5, 17. .31, "il. W()od.s, Mnlirinc, 1949, ‘J/i, 11,3. noGyns, J. rlin. 
JUndocrm., 1950, JO, 1202. 



<)!>•_' l AUSES OF KXOl’UTHAI.lMOS 

tLe ovo iiuisolos ; siinilur, though loss lujjrkotl. (^liaii^os occur in ull the skeletal 
inusch's, and may account for the oeneralizcil muscular \v(‘akness. It is note¬ 
worthy that the accumulat ion of fat in the or])it and muscles occurs evam in 
patients who an* greatly wasted ; such liypei‘thyroi<l cases may ha\e nuvre 



Fit). 02U.- Exoj)Iith:ihnie Goitre. (Simpson, Endovrint 

Difiorders, 2rKl. edii., Oxlonl University Press, 1948) 

Ni>te till.! i-yi' dian^M. 

fat in the sites named than ohese (non-hyperthyroid) ]»atient/S. In Graves’ 
disease there is thus a myst(*rious (h*rane[ement of fat de])().sition in (certain 
localities contrihutino to, or associated with, great muscular weakness. 

Role of (he Si/otpalltefic Nerrrs. In acute* animal experiments exoph¬ 
thalmos results from sympathetic stimulation which (anises contraction of 
the retro-ocular muscle ol’ Muller (p. 70.S). In man, however, this structure 
is vestigial and is unable to produce a bulging forward (jf the eye. As the 



ROLE OF TIIVROTROIMIIN 


(.‘X()])litlj{ilnH)s of Craves' disense persists ai’tcr death it caiiiiot he due. t(» 
miisciiliir eontraetion or to vaseuliir (‘ii^ortremeiil. Section of the e(‘rvieal 
sym])at]ietic does not aileet tlie exophthalmos or aholisli the lid retraction ; 
the latter is thus not due to overaction of the. sniool h nmscle hhres in tin* npjier 
lid ; the striated lihrc^s in the lid supjilied hy the third nerve must ])e the ones 
involved. When n^traedion of the upper lid is due to sympathetic overaetion 
causing eontraetion of t he smooth lihres of the superior tai'sal musch* (p. 7()S), 
it is accompanied hy a depression of the lower (id ; in (iriives' disease on the 
contrary, the lower lid is raised relative to the cornea. 'I’lie pupils in (Jraves' 
disease an* not dilat,(‘d as would h<‘ the (‘ase if there were svmpal hetic over- 
aelioii. 

Role oj Thfp'o!ropht-c Ilonoonr. As injection of t h\'F’ntrophin produces 



Kn;. Cliaiiaes in Kvr .MuNrh's in K.xophthahiiic (Joili<-. (Aiid. Ajm. ini. Mnl.) 

A. Normal cxtra-o»MiIjir muscle (man). Note well-formed, d(*e|»ly stiiined litres, 
li. 13xtra-oeiilar mii.scle in patient with severe exophthalmos (same manriitleation as in A). A few darlil.\ 
staiiiini; fragments of nuiseie lihres are still visihle. hut tile main features an' a'lleina, exii'n.si\'» 
infiltration with round eells, deiicnenited inusele frajrmenls and fibrosis. 

exophthalmos in immy species there lias heen a natural tendeiiey to attrihiiti 
the exophthalmos of (irav(*s' disease to ]>ituitary overaetiou (and to suggest, 
in addition, that the thyroid hyjierplasia is due to the same cause). Thero 
are serious objections to this view : 

(i) The orbital change's in (Jrave's’ disease (fat aeeiimulation) are distinct 
from tliose produced by tliyrotrophin in animals (o^diuna,). 

(ii) There is no proof of inerease<l blood thyrot rojihin in (Jravt's' disease, 
but this may be due to tlie fact that the hyperjdastie gland inactivates thvro- 
tro])hin ra])idly (p. DSO). 

(lii) In conditions in which the blood thyrolrophiu eonceiitration is 
increased, cjj. in inyxdHleina, cretinism, siniph’ iodine deficiency goitre, and 
after administration of thiouracil and related " goitrogens,” there are no eye 
changes. 

(iv) In draves' disease tin* eye changes follow an independent course 
from tliat of the hyperthyroid manifestations and are not related to them 
in time or severity. They are not necessarily relii'ved by thyroideefomy or 
other procedures which decrease tlie hyjH'rtliyroidisin, Exophthalmos may 
be unilateral. 
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TREATMENT OF GRAVES' DISEASE 


Tlio reniDtr ciiuso of tlio eye change's in Gra ves’ rliscasc is therefore still 
obscure. 

Treatment of Graves’ Disease. (1) Oceuativk Removal of suflicieni 


tlivroiii tissue usuallv cures (Jraves' (lis<‘; 


1'h(' s<‘nnn heiriooiie level and 
the clinical state are the 
best guides to th<‘ amount 
of thyroid sul>s(.a.iic(‘ which 
must Ix'takem away (Fig. t)2S). 

(2) Actiox ok Iodine.- 
Tfie administration of lO-TO 
mg. of iodine daily may 
l(»w(‘r the liasal metabolic rat»* 
(H.M.b*.), c.r/. from *' S(l to 
: 2() (Fig. t)3 J). ’ The clinical 
condition imjiroves for about 
2 weeks, and the jiatiiuit is 
better able to stand ojierative 
proeiKlures; iodine medica¬ 
tion also prevents tiie post¬ 
operative crisis whi(;h some- 
tinil's occurs with fatal results. 
Fig. 031 shows that when 
iodine, treatment is continued 
for a longer time, the clinical 
condition begins to deteriorate 
and si'ttles down to a stati* 
roughly midway between that 
originally priiseiit and the 
stage of maximum beiu'lit. 
It is important to remember 
that the discontinuance of 
iodine tri'atment leads to an 
exai’crbation of the symptoms. 

Thes(^ large doses of 
iodine inhibit the secretion of 
thyroxine into the blood ; 
the level of serum hormone 
iodine is ditcreased (Fig. <>28). 
Iodine treatment di'presses 
tin* thyroid cfuthelium (i.e. 
diminishes tin' hyperplasia), 
and promotes storage of eolioid 
in the vesich's wliich become 
distended. The iodine, (aintent of the gland is iruTeased, e.g. from 0-25 to 
2-3 rng. of 1 per g. dry weight; all three forms of iodine are ston'd in larger 
amounts, including thyroxine. Iodine tn^atment does not bring about a 
complete cure as tfie gland is only partially, and temporarily, restored to a 
more normal, “ resting ’’ state. 

* Therapt'iitioallv afiiiiinisO'ml ads by raising the ])l()()(l innrg.inic io<h(h^ hvol 

(p. 982). 



Kuj. O.'tl.—Kfrccts of Thcrajieulic Administration 
of lodiiit' (as K() in (iravi's' Disease. (Afti'r 
.MclJaiihy, \ufrilion and 1934.) 

lOconl In mi atn.ivi' tlowiiwjinls : 

in Ih^. 

I'uKi’ r;i.1r p* r iniiiiili'. 

n.*' pi-r cent, nhtnw mnniuL 

F’of. lodiiJf* u'iis first in «l«»srs of 4 grains fljiily. S<itr 

Ifii' iiiirc;i-i‘ in wf ialii, f)n' fall in pulse rate a ikI the 
* (lecnasi- ill .\fter lio »lays, the pulse nil** ami 

It.M.K. heyan to ri.sc aeain in spit.«' of treatment; (hey 
.stayed approxiiiiatflx at the m-w level when the dose 
wa.s rediK’ed t(t 'J jrrains daily. 

Wlieii the iodide treatmeiit \\a-s stopjied, (here was a .smhleu 
marked iiu-reas*- in jnilsc rate, anil Jl.M.H. Tliey fell 

attain on resuinini' treatment. 




KFFKCT OF THIOURAFII 
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SEPT. OCT. NOV. 

-KtVt'ct nl' 'rhiciuriuil in tas(^ of Hypor- 
I livroidisin. (IJarr anti 81iorr, Ann, int. Aled., 
MJ-lfi, ‘^ 3 , 758.) 

ICf'L’onl.s from .'ihovf ii(i\vu\v;ir«is : 

Ijfi'ii* (»f tliiniinic.il juIiiiiiiiston-rM in j;. piT 21 iir. 

S<Tiiiii i-holcstt-rdl ill ni^. Inn of. 

Il.-M.K. Vn nr Ix lnu luiriiiiil tt» iinriiiiill. 

I riiiiiry iTfiLf iiiiiin in niii. '21 lir. 
lirinnry (M'(';itinc in nm. 24 lir. 

('|■<•:l1illo n-tiiiii'Ml as of dt>sr adniinistfvrtl. 

Adniiiiislration of tiiiourat'il rfsltinnl iru*tat>olisin t<i norriiiil. 

I^ntt! : S(‘riiin rhulestt’rol roHC (from 200 to I'lti inji 
It.M.lt. fril (from -I 40 to - JO). 

Urinnry creatinine output frll (iioriiiul raujrt* 1200 1700 ing.,'24 
hr.). 

I'rlnary creatine: normal output 0-60 iiig./24 Jir. Note tlie 
iiigh cTcntine output in liypCTthyroidisin (2(M»-60O nifi./24 
hr.). AftiT tmitnifiit the creatiue out|»ut fell to .">0 200 
ing./24 hr. » 

i*creeutagn fii'atiiie retained after a test dtJsn* (given i»y mouth) 
roan from 2a 50"„ to over 7f>%. 









\nm ACTION OF RADIO-IODINE 

(iii) Action ok TinoruACiL and Rklatkd (’omkotnos. As alreiidy 
<»xplaine(l, many tliio compounds inhihit thvToxim* syiitliosis in the thyroid 
^land (p. 975). Some* of these suhstanccs are vcmt usedul in the treatment of 
(iravt‘s* disease. Methyl tliionracil is most «zenerally (unployed clinically. 
After a latent period of 12 W(‘eks, the pulse rate and B.M.H. hej^in to fall, 
the body weight increase's and the clinical state improves (Fig. 1)32). After tint 



Fio. -Therapeutic Action of Hadio*Active lodiiu* 

in (iraves' Disease. (Kelsey et nl., J. din. Invrditj., 

1U49, 199.) 

OiiP flos»‘ of radio-active iodine was administered jit tin* time iudi(':it(‘d 
iiy the arrovr. I'in- thyroid d*M.;rcascd progressively in weiuht Inmi 
4.S u. U) in IK. ami liuuUy almost (‘ompletcly distipiicured. The n.M.K. 
fell from -t-itU to le.s.s than - 2n. 'I’he induced myxo'di^ma was treated 
with desiccated thyroid. 

Oil* tii'cs oil ti .-ind y radiations. 

maximal improvement has been altainctJ, the j>atient is given small mainten¬ 
ance doses, wlii(di may completely control the symptoms and signs of hyper¬ 
thyroidism ; the thyroid enlargement, however, persists (or the gland may 
enlarge even further) and the eye changes are unaffected. The drug must 
he emj)loyed with care as agranulocytosis and other unpleasant sidt^ actions 
may develo]). The thio compounds control the hyperthyroidism by mhibUimj 
thyroxme formation. The fall of blood thyroxine may stimulate thyrotropliin 
formation and thus induce further thyroid hyperplasia. The Jmlological 
appearance of the gland, therefore, remains tliat of antrmted Graves' disease, 
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i.e. tli(j vesicles are collapsed and colloid free, the lining cells arc* tall, c.</. 29 // 
in height, and contain vesie.ular nuclei 10 in diametc^r ; the gland is congested 
and friable and may lie difficull. to remove* if operation becomes iiecessarv. 
The thyroid (m*11s may ultimately deffenerate ; if this occurs, fnrth(‘r thiouracil 
treatnumt may b(*c-ome unnecessary. The general rc'sult, how(^ver, is to leave 
an enlarg(*d vascular hyf)erpla.stic gland which has c(;ased making excess 
thyroxine because the drug has inhibited thyroxine formation.’ 

(iv) Administration of Radto-Iodinf/ (^’*^*).--As already explained 
(]). 1)73) the thyroid “collects” 1 from the (‘Xtracellular fluids, with tin* result 
that the thyroid inorganic iodide concentration may be hundreds of times 
greater than tliat in the lilood or the. tissue Iluids generally. If suitabh; 
doses of radio-active 1 are administered to |)atients with Craves’ disease, it 
acammulates in the thyroid in sufficient concentration to damag(^ or d(*stroy 
most (»f the alveoli without injuring the rest of tin* tissues of tin* body. 
Marked clinical im})rovem(‘nt has b(‘en obtaine.d in this way - (Fig. () 33 ). 


CALCIUM AND PHOSPilORlhS METABOLLSM 

Calcium and Phosphorus Metabolism. —The absorption and excretion 
of calcium and phosphate, their level in the blood and in the other body 
fluids, and their behaviour in bone, are so closely inter-related that it is best 
to consider the metabolism of both substances together. 

Calcium Metabolism.—Calcium in Food. —The chief sources of calcium 
in food are : 

(i) Milk (120 mg./lOO c.c. or about 660 mg./pint), and cheese (about 
800 mg./lOO g.). (human milk contains only 30 mg./lOO c.c.) 

(ii) The concentration of calcium in the body fluids and in animal 
tissues (other than bone) is low ; meat contains very little calcium (about 
10 mg./lOO g.). Most green vegetables are likewise poor in calcium and lose 
much of what they contain when boiled. 

(iii) Flour contains 20-25 ing./lOO g.; in Great Britain all flour has added 
to it 60 mg. of CaCOg/lOO g. with the result tliat bread has become an 
important source of calcium that can compensate for a d(*ficicncy of milk and 
cheese.^ 

Absorption of Calcium.— This takes place in the small intestine and is 
always incomplete ; what is not absorbed is passed out in the fieces. The 


^ It is inten'sting td coini)are the* furmulse of alloxan (whioh poisons the islets of 
Langerhans), and thiouracil and methyl thiouracil (which poison the thyroid). 


Alloxan 

(3) NH -CO (4) 
(2) C^O CO (5) 

I I 

(I) NH CO ( 6 ) 


Uracil 

NH 00 

I I 
00 (;h 

I II 

NH OH 


Thiouracil 

Nil CO 

I I 

(2) (;.S OH 

I II 

NH OH 

fS in ( 2 ) 
position] 


Methyl thiouracil 

NH-CO 

os c!ii 
I il 

NH -OOH 3 (G) 
[Methyl in (6) 
])OsitionJ 


^ Kelsey et «/., ./. din. InveMig., 1949, 9, 171. 

The special arrangements in force in Or€*at Britain to ensure the larger cal(;ium 
requirements of children and pregnant and lactating womcm are described on p. 1064. 
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amount absorbed dojxmds on the roniposition of the food and the conditions 
in the bowel. In gemnal tin* ainownt of calcium absorI)ed depends : (i) on 
the extent to which it is in the form of soluble salts ; (ii) directly on the 
calcium intake (l.e. other things being equal the greater the calcium intake 
the greater the absolute amount absorbed) ; (hi) on the vitamin-/^ intake. 

(1) Reaction in Intestine. —When the acidity of the bowel contents is 
increased, the more soluble acid calcium phosphate is formed, which is more 
readily absorbed ; (’onversely, increased bowel alkalinity leads to the forma¬ 
tion of more of the insoluble CaglPO^)^ and CaCCXj, and cons(M|uently less 
absorption. The /dl of th(^ upper small intestine is normally slightly acid, 
that of the lower part is jieutral or alkaline. 

(2) Steatoriukea. In conditions in whitdi fat is pass<‘d out in e.vcessive 
amounts in the fivc.es (p. 79S) much of the food c.al{‘iuni is precipitated as 
insoluble and unabsorbalde calcium soap of fatty acids. Absorption of fat 
soluble vitamins may also be impaired in st(‘aU)rih(Va ; vvIhmi such is t li<* cas(‘, 
the fiiulty calcium absorption is also in part due to vitamin-/^ dciiciency. 
Administration of small pa?'entcral dos<*s <»f vilamin-/> incrca.M‘s calcium 
absorption in these patients. 

(3) PnvTK' Acid (TNt)srroi. Phosphokic Ac id). This constituent of 

Hour ])recipitatcs the calcium in the bowel as the ii)S(hible arul unabsorbable 
calcium phytatc. liigh-cxtraction Hour and more) bt*caus(* of its 

higli phyth’ acid c(»nt(mt, may induce calcium did’a'icncy unless the Hour is 
“ reinforced " with calcium salts (p, 1058). 

(4) In infants fed on cow's milk only 3r)'\^ calcium intake is 

absorbed ; if they are br(‘ast fed 50 70*',, of the calcium is absorbed. 

(5) ViTAMiN-I). Tills vitamin, acting in an unknown way, is essential 
for the ad(‘(juate a.l)sorption of calcium from the bowel in ehildr(*n ; in adults 
it appears to be l<*ss im])ortaiit (p. lolo) e.X(H‘pt in eas(‘s of steatorrlnva (iii, 
supra) and in c(*rtain rare bone diseases. 

Calcium in Blood. —Tlie calcium of the lilood i.s almost entirely in the 
plasma ; determinations are usually made on serum. The normal range of 
senirn calcium is 9 11-5 nig./lOO c.c. The serum calcium exists in two forms. 

(1) ludiffusible calcium, whicJi cannot pass througli artificial membranes 
like cellopliaiie, or through the capillaries into tin* interstitial Huid, or through 
the choroid plexus into th(^ cerebrospinal Huid. ll is bound witJi th(‘ plasma 
proteins, chiefly with ,serum albumin. About half tlui total scrum calcium 
is in the indiffusible f<niu ; it is physiologically unimp(jrtarit and varies in 
amount with the ]>lasma protein concentration. This hound calcium of the 
serum nuiy be. greatly increascrl in dis(»ases in winch abnormal plasma proteins 
occur. 

(2) Diffusihh Calcium. -This is the })]iysiologically inqjortant fraction ; it 
is wholly or mainly in the ionize.d form. The normal range is 4-5 mg./lOO c.c. 
which is a much higher concentration than can be obtained when calcium 
phosphate is dissolved in distilled water ; the factors in plasma which increase 
the solubility of calcium salts are obscure, but some workers believe that the 
parathormone concentration may be important. 

The serum calcium level depends on : 

(i) The amount absorbed from the intestine ($u^a), 

(ii) Parathjnroid hormone level (p. 1003). 

(iii) Plasma protein concentration and composition (p. 140). 
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(iv) IMasrjiji inorganic- j:)hosf)liat(‘ level ' : serum Ca generally varies 
invers(*ly as plasma pliosphat.(i concentration, the product 
of tlj(‘ two (each expressed as nig %) lieing normaJlv 00 in 
children and less (about 40) in adults. The ridationship is well 
illustrated in the Table below, which shows the effects of para,- 
thvToidectomy and sulisecpient injection of threr* doses of 
parathormone. 

j SoruTii Ta iji | TIasina Inor^. IMios- 
! phate in nf I*. 


Normal .... 

no 

r)-.7 

Aft(T hyroidrclomy 



])arat.l)ormnin‘ 

i 0-7 ' 

s-s 

.... . . 

! 11-2 

0-7 


ML' ;»•! 

ir>-i L>0 


Th(T(‘ ar(* however many exeejitions to this gimeralization ; thus in ricki*ts 
(p. lOlO) both the serum Ca and inorganie phos])hate may b(‘ reduced. 

Serum calcium is hnrvml : 

(i) When tlnn’i* is reduced absorption of (*aleium from tin* intestine, e.//. in 
riektis and steatorrho*a, or wlieii tin* calcium intake*, is very low. 

(ii) In hyp()|)aratliyroidism. 

(iii) In some forms of renal failure in which there is phos[)hate retention 
leading to a. s(‘eondary tall of serum ( <a. 

Serum calcium is raiml : 

(i) In hyjierjiarathyroidism. 

(ii) In diseases in which almormal ])la.sma proteins occur (as statf'd above*). 

(iii) After administration of ve^ry large doses of vitamin-Z> (100,000 
r)(X),0()0 units per day). 

(iv) .4fter sudd(‘n immobilization, e.g, continemeiit to bed with extensive 
[ilaster easts as after fracture* of tin* spine. 

Excretion of Calcium. (1) By the Bowel. Then* is no doubt that 
caledum is aclivclg aortal by the intestinal niin‘Osa (possibly of the large 
intestine) from the bleaiel intei the lumen of the. ])e>wel. Tin* e^videnec*. is as 
follows : 

(1) Tf a calcinm salt containing a trace of the radie>-a,(;tive ise)Lop(* ('■‘Ca.*, 
half life* ISO days) is inje*(?ted intravenously in animals, lO’b) ^>f tlie dose* may 
be eliminated in tlie faK*es in 10 days. 

(ii) On a daily calcium intake in man ejf e)nly 110 Jiig., as mucle as 2(X) mg. 
may be lost daily in the faeces. 

Tlie calcium passeai out in the beces is thus derived from two source's : 
(i) food calcium which has not been absorbenl ; (ii) liody calcium wbicli has 
b(jen (‘XC-n*t(Ml from the blood by this route. No ex|)lanation lias ben*n olfered 
to account for this excretion, which may continue even wlnm there is calcium 
lack. 

(2) By the Kidney.—T he amount excreted in the urine varies widely, 
e,g, from^50 t o 25C mg . per day ; it is related to the amount absorbed and to 
the serum Ca level; if the latter is below 6-8 mg-% the urinary excretion is 
minimal; if it is raised above normal the urinary output correspondingly 

* Inorganic phosphate concentrations are always expressed as mg. of P (per 100 cc.). 
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rises. Tlie ealciuin output hi ilie urine is raised in (i) liy]>er])aratliyroi(lisni, 
(ii) acidosis, and (iii) liyperthyroidism (p. 991) ; in thest' conditions calcium 
is withdrawn (‘‘ mobilized ’) from the bones. With a normal calcium intake 
more calcium is lost in tlu' fa‘C(‘s than in tin* urine. 

Calcium Requirements.-- 1V) be in a state td’ calcium balance the 
calcium intake must equal that ]>assed out in the fjcces anil urine. Calcium 
must be retained in irriovinji children and durin*!^ [)re^nancy ; during lactation 
additional calcium is needial lo make ^ood the loss in the milk. Thi* recom¬ 
mended (iailtf calc'iurn intake in various states (^ivini below) is afa)V(‘ 

the probable mitiimal reipiireuKUits, thus proviflin^ a margin of safety. 

Adah : 12 niir. k^., or 7")tt m^. in all. 

Firtit (i inontJfs : briNist fed, lo m^. k.i». ; artificially fed (cow's milk), 
ioU mg. kii. (the ditferenci' is rlue to the different (h‘gre(‘s of calcium absorp¬ 
tion). 

b moifthfi 9 years : 800 9(K) mg. 

9-lb years : 1000 20(K) mg. (1-2 g.). 

Over Ifj years : gradually decreasing to adult level. 

Pregnancy : the calcium content of th(‘ fad us at 2H weeks is b g. ; at 40 
weeks (p. l.<ib'f) it is MO g. Tin* calcium intake should be increased to alldw 
for a calciuni retiuition ol* 50 g. in all, to provide a generous margin of safety. 
The intake should be 1*5 g. in the first months of jireguancy rising to 3 g. 
daily in the last 3 or 4 months. 

Lactation : over 3 g. are needed daily to allow for the calcium loss in the 
milk and the unexplained increased loss from the bowel. It should be 
emphasized that at the height of lactation a woman loses about ten times 
as much calcium daily in the milk as she lost to the foetus daily during the 
last stages of pregnancy. 

Functions of Calcium in the Body. —(1) Boxe. —The inorganic 
materia] of bone consists of calcium salts of phosphate (85%) and carbonate 
which are deposited in a ])rot(un matrix ; there is a nucleus of Ca 3 (P 04)2 on to 
which is aljsorbed chielly CaCO^ but also CallPO^ and Ca(()H) 2 . Half the 
weight of a bone is calcium salt : 97^b) of the body calcium is found in the 
bones. The calcium of bone is constantly undergoing exchanges with the 
body fluids. Tims, if a calcium salt containing a trace of the radio-active 
isotojie ‘*‘H.'a* is injected intravimously of the dosi* is taken uj> by the 

bones in lOO minut(‘s ; about 5'!,, of this skidetal is given uj) in 10 days 

and replaced liy a corres|)onding amount of calcium which has been taken 
u|) from the body fluids. The entire calcium of the bones might thus b(? 
“ turned-ov<;r " in some 200 days. The special affinity of bone for calcium 
is shown by tlie. fact that it takes uf) calcium about 130 times as rapidly as 
skeletal muscle. As thi‘ salts of bone are derived from the body fluids, 
satisfactory calciflcation depends on a normal serum concentration of Ca 
and phos})hate ions. Other inqiortant factors are : 

(i) Alkaline 'phosphatase, which is pre.sent in the centre of ossification in 
the hype rtrophied caytija^e cel ls and in the osteobla.its : it acts on the 
hexose phosphate lirought in the blood and releases inorganic jihosjiliate, 
thus raising its local concentration. The .solubility product for calcium 
phosfdiate is consequently exceeded, with the result that insoluble calcium 
phosphate is y)recipitated out. The mode of jirecipitation of calcium 
carbonate is unknown. 
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(ii) Vitamin-D, whifjh in addition to maintaining tlie normal serum Ca 
and inorganic phosphate levels by promoting absorption in the intestine also 
exerts an obscure direct ac.tion on the bone itself. 

Other functions of calcium an*, discussed elsewhere as indicat<‘d below. 

(2) Excitability of nerve fibres and nerve centr(*,s (p. 1001 ). 

(3) Relation to clotting of blood (p. 140) ami milk (]). 770). 

(4) Relation to contraction of heart muscle (p. 230). 

Phosphorus Metabolism.’- Piiosvhorus in Fran).—The chif'f food 
sources are set out below. 

(1) Milk (DO mg ./100 g. or about bOO mg./])int) and chec'st* (about 
700 ing./ l 00 ^!T mostly as inorganic j)hos]>liate and pa?tly in tlie pliosjrho- 
protein caseinogen. 

(ii) I* is found in animal tissues in : (a) nucleof)rol,eins and nucle(>tid<*s 
(j). 87S) ; (h) ]>hosphatid<‘s, rjj. lecithin (p. 801) ; (c) pliosplioproteins 

(caseinogen, ovalbumin of egg) ; (d) combined with co(*nzymes, e.(/. flavin, 
(p. 1028); coenzyme-1 (p. 840); (c) as im>rganic ]>hos]>liare. Skeletal muscle 
contains cr(*,atine phosphate (j». 429), ad(‘no>sinc tripiiosphatc* (Fig. 553), and 
hexose phospliate aiidMts triose derivativ(*s. 

Absorption op Phosphorus. —Phosphorus is always to 

the smHil iptc-s tine as innrgimh». -., p]msfA hate ; thus the organically bound 
phosphate must first undergo appropriate digestion in the intestine to release 
the inorganic phosphate. Phosphate absorption is facilitated by the forma¬ 
tion of the more soluble salts and by the presence of vitanim-D. 

Phosphorus in Blood.— The red cells contain large amounts of 
organically bound P (85 mg./lOO c.c.) in phosphate esters and phosphatides. 
The ^asma is mostly in the form of inorganic phosphate. The normal 
serum inorganic'phosphate concentration is^“6:5 in infants and 3-4^ 

f mg--% in ad ults ; this phosphate is mainly in the form of B 2 HPO 4 . 

Serum phosphate is reduced in rick ets , in the related condition of osteo- 
mal^da, in defec ts of the intes tinal mucosa {e.g, sprue) and in uncoraplicat^ 
tiyperparathyroi dism ; it also falls te^ppQjujrily, after a carbohj^clra^ j 

an injectio n (^insulin. 

Serum |iTiospliate is raised in renal fa ilure, a cromegaly , aftei* injection of 
pure gro wth horm one, and in si in pie Tiy po pa ra thynmli siii. Tlie inverse 
relationship commonly (but not invariably) found between serum ])hos])ha.te 
and Ca concentrations was considered on p. 999. 

Excrktion of Phosphorus. - The P passed out in the fieces is food P 
which has not been absorbed. On an average uf ll i e t -of-^^l P l o^s is in 
urine. Botli pijj-f^.l^ormojic and thyx^il^J^ij^croi^e tin* elimination of 
J phos])Kafe in th(* urine (j). ir)b3). The role of the pliosphate in tin* urine is 
' *discussed ou p. 94. 

Phosphorus Requirements. —The adult requirement is 1*4 g. daily ; on 
any reasonable diet the P wupjily is suflieient for all needs. 

Functions of Phosphorus in the Body. (J) Bone (see p. KKX)). 

(2) Metabolism, Organic phosphate is jiresent in large amounts in all 
tissue cells in many forms (cf. Fig. 2). It is concerned with niimerou.^ mefa- 
bolie ehftpgeR pi t|ie bnHy in p.nniin.ption with C 4 il{ ; bohvdra te (p. 844>, l^le.tal 
ofttwele (p. 429), and fat Tn 4 ^t 4 i.bQli&ui (p. 864) ; it is concerned in the action 

^ Phosphorus coiioeutrations are expressed in terms of rng. of P (and noi of phosphate) 
per 100 c.c. or 100 g. 

32* 
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of many comi^ijms (p. Tlit^ importance* of cnor^y piiospbaU* 

bonds in energy transfer is disciisseci on \). 842. 

^ (3) Regulation of li-ion comrnfratioa of blood and urine (see p. 1)4). 

(1) In some circumstances inorganic, phosphate* is reh^aseel from the 
organic ]>liosphate in the ti.ssue cells, passes into the blood anel serve\s as a 
i source of urinary phosphate (p. Db). 

Phosphatase Activity. —Phosphatase ]iyeire>lyzes monoj)hosphoric esters 
relcaaLiig. inorganie* phe).^)hate. Two types of f)hos[)hatase are found in the 
body, the aUaUne a mV the acid. 

(1) Alkalixk PiioschataskA whicli acts in an alkalim^ me'dium, is present: 
in all tissues and bodjJjuids : the hi^^hest concemtratiem is found in actively 
ossifying e*artilage (centres of e)s.sitie‘a.tion. gro\ving epTpTiyse*s) and j)(*riosteum, 
kidney, ajiel liver. Alkaline* phosphatase is e'onea'rned 
with many chemical processe.*s, c.//. (i) precipitation ed‘ e-akriiini pfiosphatc in 
bone (p. PMMI); (ii) hydrolysis of phosj»hate‘ esters in the intestine loading 
to phosphate; al)sorptioii; (iii) hydrolysis of phosj)hate e‘sters in the kielney 
which have* been forme^d presumably in e*onne*ction witii the tul)ular reabsorp 
' tion of glucose'* and other e;emstituents ; (iv) hydrolysis e.)f glucose b phosj)hate 
^ in tile* liven- re;]e*asiug glu(.njse into the blood (p. 84b) ; (v) peissibly with the* 
isynthesis of tissue protein (p. tt35). 

The?, normal svi'Uin alkaline j)hosphata.se (in Hodansky units [)e*r 100 e;.c.) 
i’ is 1-4 units in adults and b 11 units in cliildren ; it is de*rived chit*llv from 
' tTi(r?>7u?e~ The level is increased in the following conditions : 

(1) Diseases of bonCy ])re;sumably b(;caus(' of increased loeail formation e)f 

phosjiliatase, c.//. in ac^vu..pickets (to 2t) 190 units), osteitis eJefurmaiis 
(Paget's dise*as(*) (to lb 12b units), lilian'tmra^^^ *(to 20 40 units), 

land secondary t'‘<t(‘iiioma eif prostate; (p. 1110). 

• It i s alslfTl n c* rea see I by TiiJelTienToLRiy i 

(ii) Disorders of flie; llrcr ami biliary traert felTistructive; and toxie*. 
jaundice) : the e.\'j>la.nation is obsenirc. The rise has b(*e‘n attributed to 
failure of the live'r to se*c,r(*.t<; the* enzyme into the bile or to re'gurgitatiun e>f 
the (;nzyine from the* bile into the blejeal. 

(2) Acid Ibiosi’iiATASio, wbieli acts inanacid me*elium (pil b-b), is formed in 
./;''small amounts in many organs : tlx* normal serum concentration is less tlian 

1 3 units per Jjjjj c.c, 'fhe H/dd pin^phatase 

■ content (j). 111b): in casi*s of carcinoma oi tiTie^prostate st?cbrrdary 
Jlffpe^its in Ixme-s and lyinphoiel tissue, the serum acid phe)S[)hata.se is usually 
raised. A vul ue exceed in<r lliJinitupe*r 100 c.c. is a.bno r|ij|il (p. 1110). 

Till!] PARATHYROID (ILANDS. VITAMIN-D 

The Parathyroid Glands.- -The parathyroid glands are normally four 
in numbei’. The;y c-onsist of inasse;s or columns of ceils, with nume^rous wide 
vascular (diannels be.*.tweeii them. The cells an; of two tyjies: (i) princrjfal 
or non granular cells with faintly staining nuclei; (ii) a few eosinophil cells 
with well-marked nuclei; these latter cells do not appear until puberty. 
The significance of this histological differentiation is unknown. 

^ Morris and Peden, Qimrl. J. Med., 1937, 6, 211. 

Albright and Reifenstein, Parathyroid Otarids and Metabolic Bone Diseases, Baltimore, 
1948. 
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Parathyroid Hormone, Parathormone. The active principle of the 
parathyroids is called parathormonr. It is prepared by acid extraction 
of fresh parathyroid glands ; it ^ 


is.ireely ^oiiible.. in . water, and 
is usually administered sub¬ 
cutaneously or ihtravenously ; 
^t is effective when given by 
the mouth in large doses. The 
results of deficiency or excess 
of parathormone are well 
established and are described in 
detail below. The most striking 
and obvious effect of para¬ 
thormone is on the level of seruni 
calcium, but the primary site 
and exact mode of action of the 
hormone are, however, still 
obscure. The following sug¬ 
gestions have l)een made : 

(1) The primary action of 
the hormone is to regulate the 
excretion of inorganic phosphate 
m the urine, 

(i) The first observable effect 
of injecting parathormone in a 
case of clinical hypoparathyroid¬ 
ism or in normal subjects is to 
increase phosphate excretion in 
the urine (Fig. f)34). 

The subsequent course of 
events is thought to be as 
follows: 

(ii) As a result th(j serum 
phospliate level falls; fiecal 
excretion of P is unaltered. 

(iii) Because of th(*, reci])rocal 
relationship between serum Ca 
and serum phosphate concentra¬ 
tions, the fall of serum P leads 
secondarily to an increase in 
serum Ca ; the latter may rise 
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Fjo. 634. Effect of injection of Paratliormono 
on Urinary Phosphate and Calcium Excre¬ 
tion and on Sernni P and (^n. (After 
Albright and Ellsworlh, J, rlin. Jnvefttig,, 
1929, 1, 183.) 


to 15 nig-% or more. This 
hypercalcaemia develops some¬ 
what gradually and is associated 
with a flow of calcium out of 
the bones into the blood, 

(iv) The hypercalceemia leads 
to an increase in calcium ex¬ 
cretion by the kidney. 

The net result is rarefaction 


t of Idiopathic Tlypoparatliyroidiam. 

At the time marked by uie arrow inject 75 units of 
parathormone. 

Time in hours. 

Ordinates above : Serum Ca and V in mg/100 c.c. 
Note high initial senim P (10*5) and low serum 
Ca (7-3). 

Ordinates below: urinary excretion of Ca and P in 
mg/hr. 

Note that the Increased excretion of P in the urine 
roduoes the initial fall of serum P. The rise of serum 
a is secondary. The urinary excretion of Ca was 
increased later (not shown in the Pig.) as a result of the 
hypercalcjemln. 
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of tlio hones, bypercalcaniiia and the elimination of the hone calcium in the 
urine ; caleiiim (^x(;re.tion iu the faeces is imaltered. 

'['he initial increased ex(T(djon of phosjdiate in the urine could he most, 
readily accounted for hy decreased .rcabs^xption ofhy the reaial 
tuhules. But no direct action of parathormone on the renal tuhules has yet 
l)eeh"demonstratedJ Albright has suggested that parathormone, “affects 
If the phosphate dissolved in the body Iluids in sindi a way as to make it more 
ij'readily excreted by the. kidney “ ; this phrasing sugg(^sts that parathormone 
acts jjrimarily on the “ electrolyte e(piilil)ria of the body, ' the other changes 
being secondary. But we still remain in the dark as to what is tlie precise 
action of parathorinoiK*. 

(2) I’arathorinone Jiiay have a ([irt'Ct (Ktiuh -on^ bune. By stimulating 

osteoclasl^c ac'tjy instance, more calciinn would be liberated from 

j tlie bone. This woiihl produce a rise in serum calcium (H)n(M.Mitrat[oii viTiudi 
would be independent of initial changes in renal activity. That, this may 
b(‘ so is suggested l)y th(‘ fact that j)a.rathormone caus(\s a rise in serum 
calcium even after bilateral nephrectomy. Alternatively, parathormone 
may increase the soluhility of calcium in plasma and so disturb the eh^ctrolytc* 
equilibrium between the extracellular Huid and bom^s, leading to an outflow 
of calcium from the bones. 

(3) Parathormone may have maltiple sites of action, e,g. on the kidney, 
the “ electrolyte equilibria " and the bones. 

Extirpation ot the Parathyroids.— The main results in animals and 
man are as follows : 

(1) Urine. —Parathormone lack leads to decreased excretion of phosphate 
in the urine, even to as little as 2% of the preoperative level. 

(2) Blood, —As a result of the urinary changes the serum phosphate 
rises, e.g. from 5-5 to 10*9 mg~% ; because of the inverse relationship between 
serum Ca and serum phosphate, serum Ca falls, e.g. from 11 to 5’2 mg-% ; 

’ this fall only affects the diffusible ionized] Ca.- 

(3) NerVOTJs SS’STEM.—All the changes in the nervous system (peripheral 
and central) occurring after parathyroidectomy are due to the associated 
hypocalcyciinia. The effects of a fall of Ca+’* (jonee.ntration must therefore be 
considen;d in some detail. 

Experimental Studies. —If a nerve fibn*. is bathed in fluid containing a 
subnormal Ca^'^ (’oncemtration, its excitability is increased : it responds to 
stimuli which are suhthreshold to the normal fibn* ; it may respond to a single 
istimulus with a repeiitive discharge?; it may generate, a spontaneous train of 
iimpulses. Similarly tin*, excitability of ganglion cells to acetylcholine js 
enjhaiiciul J)y a319)’; ITTs”^iggT*sti^'lTiat a low 
l(?v(il d(*j)resses the “ accommodation ” of nerve, i.e. the i)rocess by 
which nerve resists the action of the exciting stimulus (p. 494). The excita¬ 
bility of the central nervous system is also e.nhancefl;by hyj)oe.alcfemia. The 
[/effects of hyp ocalca;mia are potentia ted b>^ ischaunia. ^ 

Clinical Studies. -The. Tbllowirig 7)Kservliir6nsT;'arj be made in man : ^ 

(i) A cuff is wra[)ped round the upp(*r arm of a normal person and inflated 
to occlude the bracliial artery ; the nerve trunks which are direcflg com- 
f>ressed by the cuff are thus deprivcjd of their blood supply. This ischaemia 

^ Jaban and Pitts, Amer, J. Physiol.^ 1948, 155, 42. 

- Kugelberg, Arch. Neurol, Psychiat,, 1948, 60, 140. 
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initially temporarily enhances the excitability of tlie aflectcid nerve fibres, 
particularly those whic.h have run the longest course; from the j»erij)hery. 
After a minute's compression the fibres from the skin of the Jiand begin to 
discharge s})ontaneoasly ; these alferent imj)iilses on reacdiing the brain 
give rise to a tingling sensation which is referred to the hand. | If the 
ischsemia is maintained the excitability of the nerves under the cufi' (leclines 
and the tingling disappears ; later still the nerve fibres are j)aralysed and 
amesthesia and weakness set in (p. 752).] 

(ii) is })re,sent owing to ])a.rathyroid(M*tomy, th(‘ procedure 

described above yjroduces more striking results. Spontaneous discharge 
of the affected nerve fibres sets in sooner and affects the motor ms W(‘11 as the 
sensory fibnjs. Tin; musch;s of the hand contra(‘t, their j)att(*rn of activity 
de])ending on the nund)er of motor nerve fibres affected and their discharge 
rat(;. If a few motor fibre's discharge at a low rate, irregular muscle twitchings 
occur ; if many fibn'S discharge at a higher rate jjowerful jnuscular spasms 
develop ; the |)osition taken up by the hand dej)ends on the relative strength 
of contraction of the opposing muscle groups. 

In any clinical condition in which the diffusible (ioniz('d) serum Ca 
is lowered, hijjicrejciUihiliiij of th<‘ peripheral nerves and of the central 
nervous sy.stem develof)s ; the resulting state, known as tvtnnif , is desc-rilx'd 
below. 

(1) (h.i.NK’AL .Ma.mkkstatio.ns OF Tet.xnv. (i) Varpoimial Spasw. 

(Troaiii!imu\s Sign,) .Pr<;ssure is appli('d to a limb to compress the local 

nerves. As <;x]daiiied above, the combination of iscluemia and liypocalctTinia 
causes both the se.nsory and motor fibres affectei] to discharge spontaneously. 
The hand generally adopts the “ obst(»tric jiosition ; the metacarpo¬ 
phalangeal joints an; flexed, the fingers an* extended, the thumb is drawn 
on to the palm, the wrist and elbow are flexed. In the case of the lower limb 
tin* toes are piantar-flexed, and the feet are drawn nj). There is tingling in 
tlu* distal part of the limb. 

(ii) Facial IrritahUitf/ (Clfvosf(d''s Sign). -Because of the heightened 
excitability of the nerviis to mechanical stimulation, tapyjing over the facial 
nerv<* after its exit from the stylo-mastoid foramen results in contraction of 
the facial muscles. 

(iii) LaryngismuH Stridulus. —Without warning, the laryngeal mu.scles 
(contract suddenly, and tin; glottis is clos(*d ; this may be the ri'sult of a 
spontaneous discharge; of the motor nerve fibres. No air can enter the chest, 
and progressive cyanosis develops. After a varialde ])eriod the sj>asjn relaxes, 
and air enters with a “ crowing ” sound. 

(iv) There is i^reased excitabilit y of the motor nerves to the ga lvanic 
current. Normally aTTiTTrddaTT)^ co^itraction (k.o.c.) can be. obtained 
Huth a Current of not less than 6 mi Hi amperes. When contraction results 
from a current below 5 milliamperes, increased galvanic excitability is })resent. 
In tetany, 0-6 milliamyieres may be sufficient to ])roduce a contra(!tion. A 
slowly rising current which is ineffective when applied to normal fibres because 
fof the development of accommodation readily stiinulat(*s the nerve (e.g. 
ulnar) in states of hy])0calca3inia, jiroducing tingling and muscle spasm. 

3 (v) Generalized convulsions may occur owing to enhanced c.entral nervous 

system excitability. 

Parathyroidectomy in man may be carried out accidentally in the (jourso 
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of an (‘xtonsive excision of the thyroid gland or as a deliberate tlierapeutic 
measure in ceases of |»arathyroid tumour or of parathyroid hy])er])lasia. 

Treatment of Parathyroid Deficiently.— (i) The aymptoms of tetany 
can be temporarily relieved l»y injecting parat hormone whicli raises the serum 
calcium * ; but as this calcium is withdrawn from the bones, such treatment is 
inadvisable for more than short ])eriods in accichmtal |)arathyrQiiiectomy, 
and is especially undesirable in jiatients operated on for parathyroid hyper¬ 
plasia in wliom the bones a?-e aln'ady dangerously weakened. 



P N 

I'"ic. Ulf).— X-ray AiJpcaranco of Hones in Clinical HyperparathjToidism. 

Casi* of u'ciK ralizofj ostiutis fibnwi (]»aratlivr<M«l adruoina). Lffi: X-ray of ri^ht forrarin of pat-ic.ut (10. 

Jiiyld : that of iionuaI lirnh (N) simuKaiicoiisly taken as control. Note getioral and marked rarefaction 

and tlcftjrtiiity <»f liontis, (llinit< r, lirU, J. Sunj., Ht.) , 

(ii) The stuiim Ca may be raised temporarily by intravenous injection 
of solubhi (ailcium salts. 

(iii) The long term treatment consists in promoting greater absorption 

of (jalcium from the iuttjstine. Large d()s(*s of cahuum (3 g. daily) are given 
by inoutli (c.r/. 7 g. of CaCih, or 22-5 g. of calcium lactate daily) ; in addition 
very large doses of yitamin-D are given (2-5 rng. daily = 100,006 international 
units (i.u.) 100 times the therapeutic dose, in rickets.) A synthetic steroid, 

dihijdrolachysterol (ATIO) given in doses of 0-1 c.c. daily acts lik(> vitamin-Z> 
and promotes calcium absorption from the gut. 

Hypercalc/EMIA.—W ith overdoses of parathormone, hypercalcininia and 
decalcification of bones ocauirs. Finally severe toxic symptoms de.volop. 

J See 'ra})le on p. 999, for changes in serum Ca and phosphate. 
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■'i The peruin & to critically hi"h Icvm^I ; the usual inverses (Ja/ P relation- 
^ i)shij> is not o})scrve(l and thc^criini l>hos 2 )hatc 

occurs : the l)Jopd.urca a,?v(].upnT}>ratem-iii Th(‘n* is loss oi apfx^titf*, 

diarrhoea, dullness, drowsiness, and general muscular tlaccidity ; circulatory 
failure and coma ultimately d(‘V(‘lo|). 

Repeated injections of parathormone may, ho\v<*V(‘r, lead tr> th(‘ establish¬ 
ment of a iion-rea.ctiv(^ state in whitdi the hormone no longer allccts calcium 
or phosj)horus metabolism. 1'his is presumably because parathornioru' is a. 
protein and has been jirepared from the glands of a diniMcrit animal from 
tin* one to which it is given exp(‘rimentally. After repeated injections, anti¬ 
bodies to the foreign protein are ])robai)ly formetl which react with tin* 
iiiject(*d material and interfere with its action. Tlu'rc is no evidence oi the 
development of such a toh'rance to “ endogenous j»arathornion(‘, t.r. a 
patient with hyperf)arathyroi{]ism always responds to the excessive amounts 
of hormone which he s(*cretcs. 

Causes of Clinical Tetany. -Tetany occurs owing to (i) hvjiocalc.'emia, 

(ii) alkalaunia. 

(1) Hypocalc/EMIA.— Tetany from hypocalcaunia occurs (i) after ])ara- 
thyroidectoiny (p. 1005), (ii) in rickets (p. lOlO) and in osteomalacia (p. 1012), 

(iii) in renal failure with phosphate retention (p. 77). As already emphasized, 
it is the^ fall in diffusible s(*rum Ca which alfects nerve tissue : alterations 
in the amount of calcium combined with plasma protein are without action. 

(2) Alkal^emia.—A lkalaunia produce^ all^cring 

the level o f diffusible g^innLA?a ; R can be shown tlialiTTi(', change in blood 
reaction direcUt^ increases the excitability of nerve tissues, dhe sym])toms 
arc relieved by raising the 11^ ion concentration (c.g. by inbaling COo-ricli 
mixtures or administering acidifying salts such as •|). 

Clinically, tetany from alkaheniia occurs : * 

(i) From excessive ingestion of alkali, e.g, sodium hicarbonate, as in the 
intensive treatment of pc’ptic ulcer. 

' (ii) In association with jjrofuse vomiting, as in ])yIoric obstruction (j). 10^)). 

(iii) Following excessive pulmonary ventilation, e.g. voluntary hv|H‘rpn(i.>a 
(p. *108), or the hyperpmx'a of nervous disorders like euce|)halitis lethargica 
(see legend to Fig, 50, p. 99). 

^ Control of Parathyroid Secretion.— The glands are md cont.roll(*d 
y by the nervous sysbun or by the anterior pituitary. It is probable I hat 
j ?i/^fi.crey(Ul.juTJihiLd d gland is n^gulated by the calcium conren ty:^Mm 

;i [jof the blood reachi n g Ji:.. 

|i (i) Intravenous inject ion of 40 mg. of Na oxalate in a. dog initially lowers 
the s(‘TUin Ca (by precij)itating calcium oxalate) ; rajiid recov(*rv of the 
scrum (^a occurs in normal animals, but no r(*covery takes place in paia- 
thvroidectomized animals. . 

‘ (ii) If decalcified blood is perfused through tlie paratliyroids (and thyroid) 
of a dog and the venous outflow is infused into anotber animal it raises the 
serum calcium in the recipient by, e.g. 1*5 or even 4 o mg-\\,. 

(iii) It is claimed tliat in several conditions associated wit-h lowered serum 
Ca there is diffuse liyiiertrophy of the parathyroid ghyids. 

Clinical Hyperparathyroidism.* —This condition may result from 
diffuse hyi>erplasia of all the parathyroids or from a localized tumour 
^ Itlack, Surg. (lynec. OhsUd., 1U4S, ,S7, 17-. 
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(pantthyroid adojioiiia.^or, randy, c-arcinonia) in one of them. The elVeets of* 
tlie resiiltinj: nver-seeretiori of paratliormone on tlie urine, blood, and l)ones 
are tliose desc'ribed on ]). KM)3 (effects of injection of [)a,rathorinone). liriefly, 

there is a rise of soriiin Ca (ev(*n uj) to 29 nig -%) 



Fkj. — Ikaiy (Miarigrs 

ill n y perpara til yroii 1 is in. 

Cwsc uf nsti'iti.-' 

lihros.'i (i)Jir;itl)yr'ii<l .'nlc- 
noin:u. s<-<-liun of 

riu'ia limiH-nis Iroiri sunn: 
p.'itiont MS In 

the .'liMft. :in' ni;in\ <l;irk 
nn-jis n-piTsviitini: rysts 
whirli wore citlnr «'iii|»ty 
or lilird with dcnp hmI jflly. 
Note tin* firrat ilfldrinity 
of tin: shaft. (Hiinti:r, 
Jirit. ./. Sunj.s W.) 


and a fall of serum f)hos})hate; withdrawal of Ca 
from tKt‘ bones ; increased Ca excretion in the 
uriiH*; initially increased and later decreased 
phosphate excretion. When the hyperealeannia 
is severe it. product's the toxic (dlccts dcscrilx'd on 
]). lOOb. 

The variable changes which may occur in tlie 
l)ones ar<‘ summarized below. 

(i) There may be gt'iieralized ranTaction of 
the bones (osteoporosis) (Fig. 035). 

(ii) The rarefaction may he more st‘V(*re in 
(‘ertaiii bones, leading to formation of cysts ; when 
many of these cysts an*, present, tin* condition is 
called oMeitift jihrom cifstlca (Fig. 630). 

(iii) If calcium absorption from the intt'stine 
and deposition of fresh Ca in the liones keeps pace, 
with the drain of cah.diim out of the bones the 
skeleton may remain intact. 

The increased excretion of Ca in the iirim^ 
(which is secondary to the hypercalciinnia) may 
lead to formation of nuial calculi. In addition 


to the disabilities resiTlfmg TronT"bony deforma¬ 
tion (c.//. fracturi's) ai'gte att.acks o f | )arathyroid 
( jioisoiiiiig may occur, characterized liy rf\stlessiicss, 
j tac'hycTmlia, |)rostrati<ui.Mnd 

III cases of parathyroid adenoma, removal of 
the tumour h'ads to a rapid fall of serum Ca, 
commonly to suhnormal levels, with resulting 
t(‘tany ; serum |)hos])hate may rise (Fig. 037). 

fall in si'rinn Ca.may.set in few hours. 

The blood elianges are well illustrated in the Talile 
on ]). 1(K)9 (from C. E. Dent); in this cast* no rise of 
scriiin P oecurred during tin* first JO days after 
the operation. 


TIk^ ])ost-op(‘rative iiyj)o|).‘irathyroi(lisni is 
treated as de.seribed on ]). IfioO ; in successful cases 


the l)ones are ultimately effectively recalcified. 
Rknal Kickkts.— In some cases of renal disease 


in children, secondary parathyroid hyperplasia 
occurs, leading to progressive decalcification of 
tin' skeleton. 


Vitamin —Vitamin-/^ i ncreases calcj um and phosphate absorption 
from th(i intestine and also iiro motes calc ifica^iiT y a cllr^ action mi bo ne*"; 

' Hoss, likkeis. Osteomalacia nad Tetany, J.ionclon, 19:K). Vitamins, M.R.ty, Spor. 
Xo. 107, ltl32. Bricknoll and Pn;siM>tt, I’ituniins in Medicine, I.,on(I()ii, ^rnl (*nd., 

1917. 
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it prevents and cures rick(*.ts. The vitamin is found mainly m jhh-liver oils 
(e,(j. cod- or halibut-liver oil) and in yolk of egfr; it is ])resent to a. small 
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Fro. —Blood Changes before and after JlcmovaJ of Parathyroid Tumour. 

The ordinates represent serum calcium and inorf(auic phosphate in ing-%. 

The blood was examined for a iiiouths before and 2 months after operation. The parathyroid tumour 
was removed at the point marked l)y the arrow. Note the subsequent fall of serum calcium to below 
the normal value of 10 mj; %. Latent tetany dcveloiied. (Hunter, Jirit. J. Surg., 1932, 79.' 


degrcic in aninml fats (c.//. beef suet, milk), and is practically absent from 
vegetable oils (e.g. olive oil) and vegetable margarines (Hritish margarine, 
however, is now fortified with bO i.u. pex.o7,.). There an? two main types 
of vitamin-/.^: vitamin-l)^ (calciferol) and cifamin-J\, A’itamin-Z^.^ is formed 
by utfTaviolet ixradjaU ('rgoste rol, a substance found only in lower 

plants sucli as yeast, and Fungi (e.g. ergot, from wliich it is named). 
YMwilirJh naturally occurring substance found in egg-yolk, butter, 

and fish liver oils. It is formed from 7-dehydrochol(\sterol present at the 
surfaiTtrbTtlie skin; activation by ultraviolet light opens ring B to produce 
vitamin-Z )3 (Fig. 638). The international unit (i.u.) of vitamin-Z> is the 
activity of 0-()25 //g of crvstalline vitamin-Z^g (calciferol) : i.e. I mg of 

-^^40, ( XX ) i.u. " ' • ' 

^ TDie vitamin-7) (content of c(»rtain foodstuffs is as follows : cod-liver oil, 
average fXX) i.u. per <h‘acliiu ; hulibut-liver oil, 50 i.u. per drop ; fresh milk, 
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usually l(\ss than 50 i.u jkm- j)int ; Initter JO 1(M» i.u. por ounco ; (iO i.u. 

per volk of 20 The viiainiii-/^ comUmO. of milk, luittor, and doponds 


|ou tho vitaniin {*()uU‘Jit. of tin* diot and on tlu* sisisoii, Ixun^- in t-lie 

rsuninior than in 11 m‘ winter. Milk, of eourse, is also rich in Ca and I*. I'he 
vitamin-/) content of the common foodstulls is set out in th(‘ tables on 
pp. 1052 ct arq. 

Kkqi;ikkmi-:nts. No one kinovs how much vitamin-/) is needed hy 
adults ; 250 i.u,, (hn^ allude. Pre^>nant and hictatiii^^ 

women have larjier re(piirements, as they must su])[)ly calcium ior the lor'tal 
skeleton during intra-uterine life, and for t in* milk (p. lOoO). (Jrowinjj; children 
need extra siipj)lies of calcium to form new bom*, lloth class(‘s (i..r. mothers 

and children) neial 500 i.u. of 



vitamin /) daily to promote thcij 
nt‘cessa r cjiTcm ii i aT)sor|)t io 1 1 y 


Sohie vltyrhim-D Is syntht\sized 
in tln‘ skin (p. lOJl). 1 to 2 
pints of milk and an egg daily, 
plenty of butter, fortilied mar- 
garim', and fat ” fish, may 
sup|>ly 300 i.u. If the diet is 
iiiailequate (as it is in wartime 
ami in most countries in peace¬ 
time), and even if it is ade(iuate, 
})regnant and nursing women, 
ainl lialiii^ fttul 

u}) to tTn‘ age of s(‘ven years, 
should rec(‘ive su[>pleimmts of 
vitamin-/) concentrates (c.//. cod- 
or haliimt-livMM* oil) (cf. [>. I0()4). 

Rickets. This disease of 
children is characterized by 
bones which are soft from 
iJeticient d(*j)o.sition of calciiim 
^salts and are UienTon^ easily T>(‘nt 
under the weight (d'th(‘ lauly.so that serious (leformities may develop. Furtlnu', 
])roca\ss_of ossilication jiL liie epipk y .se.d..lina-tiiki.>..s ])lace in _mi...xLbiiDrma,l 
tnannc^r. ^)i:iiially the. epip hyseal line is a w ell-(hdin(Ml tiarrow strip s of 
cartda ge 2 mm. d(>e[ ). ladiiiul which regular ossi Ti(;aIion~ls proc(»edin g. In 
ricEets the epi])hyseal line, forms a \ypje, irregular bfuid, which can 4)e felt as 
0,... markedthe, surface. NormalTy The older cartilage cells 
degenerate and disappear, leaving many spaces into which the. blood vessels 
and osteoblasts of the shaft can f)enetrate. in rickets this aj)parently essential 
preliminary degcmnation does not occur and so ossification is retarded. The 

giviiig^riiit?^ to a. char acte ristic 
broad irregida r c.artilaginoiiK zone. Tn addition, tin', n yatr ix Jiet wcen th e 
cajtilftgfi^jC^j ls and t hat of the new bone itself does n ot bec ome adequat ely 


Fio. oas. 


Fonnatifai of frf»»n 

7- I)rliv<lro(-lioloslcrol. 


ii ppregnate d witinm m salf s. accounting for the softness of the bones. The level 
of serum caTrimn or of phosphate or of Itoth is lowered ; in active rickets the 
product of serum Ca >; serum P (each expressiMl in mg./100 c.c.) is 30 
(normal—60). Serum alkaiiu.y X^msphaias^ ia commonly raisiMl. 
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Rickets usually sets in about the sixth inontli of life, and it^ intensity is 
directly related t(» the ra])idity of bodily growth. The disease may last for 
several years with final healing. There is conclusive evidence that the 
distsase is due essentially to lack of vitamin-/^. 

(i) A condition identical with human rickets is induced in puppies if the 
diet is deficient in the foodstuffs containing vitainin-Z). The disease is 
prevented or cured by the administration of cod-livcr oil or egg-yolk. In 

f uppies over 3 months old it is very difficult to induce rickets. Similarly, 
uman rickets tends to heal after the age of 2 years, even if the diet and 
iEnvironment remain unaltered. 

When a diet has a barely minimum vitamin-Zl content it is found that 
rickets may be precipitated by increasing th(* cereal content of. the food, 
e.if. by giving large amounts of bread and especially oatmeal. The harmful 
agent in cereals is phytic a<nd, which interferes with the absj^rption of calcium 
by precipitating iiMphible .cHlcjuio^phytate. 

(ii) An examination of the diets of childreh proves that rickets is associated 
similarly with a deficiency of foods containing vitamin-/), with an excess 
of cereals, and a deficient calcium intake. Prophylaxis and cure result from 
correcting the diet. 

(iii) Ultra-violet Rays.— Falm, in 1890, drew attention to the relationship 
between lack of exposure to sunlight and the incidence of rickets. It is well 
known, too, that rickets tends to appear after the dark winter months, and 
to be healed during the bright summer months. 

Rickets can be prevented or cured without improving the deficient diet 
by exposing the body to the quartz mercury vapour lamp or sunlight. The 
ultra-violet rays are the active ones, chiefly those having a wavelength of 
300 fjifi or less. The radiation may be applied to any part of the body, and 
yet can cure the rickety bones generally. The ultra-violet rays act by con¬ 
verting an inactive sterol (7 (lehydrocholesterol) in the skin, into the active 
anti-rachitic substance vitarnin-Dg. [The activity of vitamins-JOg and -D^ is f 
qualitatively and quantitatively the same in man.] I 

Mode of Action of Vitamin-D. — The vitamin priunotes .the ohsorplion 
of eulcium and phosphate ^ When the vitamin is absent^ 

adequate absorption does not occur; there is an excessive loss of these 
substances in the faeces, and the calcium aud/or phosphate level, of the scrmyi 
falls. The bones are consequently supplied with blood which is deficient in 
^he mineral constituents which are essential for ossification, with the result 
(that soft and irregularly formed bone is laid down. The vitamin also acts 
in some inpre dircc/: Adminis¬ 

tration of the vitamin causes degeneration of the growing cartilage cells of 
the epiphysis ; this is followed by invasion of the older cartilage zone by 
blood vessels wliich bring the necessary calcium salts and thus permit 
ossification to proceed. In a sliort time the masses of irregularly arranged 
cartilag<^ c.ells of the epiphysis are reduced to the normal short, orderly 
parallel columns. 

There is a seasonal variation in the inorganic phosphate of the serum in 
children ; it falls during the winter, reaching its minimum in March, and rises 
again to its maximum in the late summer. Greater absorption of phosphate 
takes place in the summer owing to synthesis of vitamin-Z) in the skm by 
ultra-violet rays. 
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OSTEOMALACIA 


The relationship of vitamin-7> to the structure of teeth is discussed on 
p. 1013. 

Tetany may occur as a complication of rickets owing to the lowered 
serum calcium (cf. p. UK)7). 

Toxic Effk(ts of \’jtamin-7> Ex(mcss.^ —In recent years large doses of 
vitamin-71 have? Ix'en given in the treatnunit of a niiinher of diseases, most 
successfully in lupus vulgaris. The dosage* administered to adults, e.y. 5 ing. 
(200,fK)0 i,u.) daily for s(‘V(‘ral months may ])roduc(‘ ipxic eflects. >yjj|ich 
clos e ly reseinbh^ U overdosage. In childrva 1 mg. daily 

nray cause similar (‘ITocts. The symptoms include'anorexhi, iuius(*.a, vorjiiting, 
lieaclache, d^o^Jli^^ss, ])plypria, mid polydijisia.. Both serum Ca and smiim V 
are increased, as is the (‘xcrefion ofTtiTrse substances in tin* urine ; calcium 
is deposited in the heart, large blood v(*ssels, lungs, renal tubules, and in other 
soft tissues ; ostegpiirijsts (>c(’urs. Signs of nuial failure and hypertension 
may develop. The ellects^n-e reversible if vitamin-71 administrat ion is stopfied 
in time. 

Osteomalacia.^ —This disease of adults is rarely met with in Western 
countries, but is fairly eominon in some })arts of Cliina. where it affects 
J 3 % of child-bearing women. The diseast* is limited to the feimde sex, and 
the symptoms usually apjiear during pregnani‘y or the jnierperium ; some¬ 
times the first manifestations apjiear at jiuberty. The bones especially 
the pelvic girdle, ribs, and femora beeonn^ soft, painful, and defornKMl. 
Deformation of the pelvis may be so severe as to necessitate Ciesarean sei'tion 
to procure delivery of the child. Synijitoms usually n*ciir with each su(*c(*f*d- 
ing firegiiancv, but tend to clear up after lactation is comph*.t(‘(l. 

The diet of these women is very inadequate ; it contains an exqess^ of 
<iereal^, very little fat, and the calcium content of the food is minimal. The 
sefuiii calcium is low,G or 7 mg % ; the inorganic plioapliate oTthe sexuni 
is yarial^—it is low_ or normal. Administration of calcium saltvS alone does 
not relieve the. condition ; but the administration of cod-liver oil ((combined 
as far as possible with an otherwise ad(*(]uate diet) cures or prevents the disease 
and restores the normal vSerum calcium level. 

Osteomalacia thus appears to be a form of adult rickets which is due to 
inadequate absorption of calcium owing to a deficiency of vitamin-D and oj 
calcium in the diet ; the onset of symptoms during pregnancy and lactation 
is presumably due to the demands made by the foetus (which has “ first call ” 
on any available calcium) and by the mammary glands on the calcium reserves 
in the bones of the mother. There is no evidence of disease of the ovaries 
or of the parathyroid glands. Owing to the low level of serum calcium, 
tetany y which may be very severe, is a common coiufilication. It is interesting 

note that the bo nes of the show no signs of richets, but only 

iV^rarefact^^ 

Tn additionTo the form of osteomalacia described above another similar 
disease due also to calcium and vitamin-D lack in the diet may occur in adults 
of either sex who are living under extreme famine conditions. Many such 
cases have been reported from European countries after both the first and 
second world wars. There are also rare syndromes clinically indistinguishable 


^ Aiming et al., Qimrt. ./. Med., J948, 17, 203. 

2 Maxwell, Pror.. roy.i^r. Med., JiKiO, JH, O.’Ul. Albright H aL, Mediciney 1040, 
35,399. 4-V 
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from osteomalacia, wliicli are the result of other metal>o!ic defects and not 
of calcium or vitamin-D deprivation. 


DIKT AND THE TEETH 

Structure of Tooth.— Tooth consists of: (i) Enamd, which covers the 
crown, (ii) Dentine or the main substance, (iii) Cement^ a layer of l)one 
which invests the root, (iv) Dental periosteum, which lines the socket and 
so securely fixes the tooth, (v) Pulp (see Fig. 639). 

Enamel. —This consists of elongated hexagonal prisms which are set 
vertically on the surface of the dentine. The prisms are initially fibrous, 
but later on become completely calcified by impregnation with calcium 
phosphate and carbonate. 

Dentine. —This is a dense bone-like substance (but without lacunsB or 
Haversian canals) which forms the main substance of the tooth. It contains 
numerous fine tubules which radiate upwards and outwards from the pulp 
cavity and branch and become finer as they proceed. The tubules contain 
processes of the odontoblasts (the superficial cells of the pulp). The tissue 
between the tubules is normally quite homogeneous. 

Cement. —This is a layer of lamellated bone which covers the tooth below 
the point where the enamel stops ; it contains laounsB but no Haversian 
systems. It is covered superficially by the dental periosteum. 

Pulp. —This is a jell^-like tissue containing branched cells, blood vessels 
and nerve fibres. Covering its surface and adjoining the dentine is a continu¬ 
ous layer of epithelial cells, the odontoblasts^ which send processes, as already 
described, into the dentinal tubules. 

Relation of Diet to Tooth Structure.^ —Experiments on dogs suggest 
that the factors which regulate the calcification of bone are also concerned 
with the normal development of teeth. When the vitamin-D content of the 
diet is deficient, especially when this is combined with an excess of cereals 
and a shortage of calcium and phosphorus, the jaw bones become soft and 
deformed and all parts of the tooth suffer. The teeth erupt irregularly and 
their surface is rough instead of being smooth and shiny. The enamel and 
dentine are thin and poorly calcified ; the dentine shows many irregular 
interglobuiar spac(».s (Fig. 640). The diet of the mother during pregnancy also 
has a profoun(i itiliuence on the subseciuent condition of the teeth. 

If a tooth is injured, e.g. by filing the cusps several times a week for some 
weeks, it displays considerable powers of repair. AVhen the injury involves 
the enamel only, the underlying dentine becomes altered and translucent in 
appearance. When the dentine is injured as well, a response takes place in 
the related part of the pulp ; the odontoblasts proliferate and lay down fresh 
hard so-called “ secondary dentine ” which protects the underlying soft 
tissues. The quality of this secondary dentine depends on the adequacy of 
the diet which the animal is niceiving during the period when it is being laid 
down. 

According to May Mellanby there is in children too a close relationship 
between the structure of the tooth and its liability to decay (caries), i.e. the 

' May Mollauby, M.R.G. Up. Rep.. Diet arul Teeth, pt. i. 1929; pt. ii. 1930; pt. iii. 
]934. Mellanby et at.. Hr it. Afcd. ,/.. 1952, i, 7. 
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tooth which initially is badly formed is more liahlo to suff<T iu this way. Th<* 
addition of vitamin-/) to the (iiet and th<^ omission of cereals tend to check 
the progress of dental decay and to promote healing by causing calcification 
of the carious areas. Tn of cases, however, caries develops in teeth that 
are structurally sound. It is suggested that though (in this group) the diet 
was adecpiate when the tooth was formed, it was defective wlicn injury was 


ENAMEL - 



LAMINA DURA 


Fig. 639.— Diagram of the Cervical Region of 
a Tooth and the Related Periodontal 
Tissues. (After May MeUanby, Diet and 
the Teeth.) 


inflicted on it; consequently tlui normal response did not take place and 
decay occurred. 

The causation of human caries is, however, complex. In the Kangra 
Valley of the Punjab, for example, the teeth of children with gross rickets 
and whose mothers had osteomalacia were remarkably good; by contrast in 
England children with well-formed bones often have many carious teeth. 

The mechanisms which may be concerned in the production of clinical 
caries are critically discussed by Pincus ^ who has shown that changes in the 
organw constituents of the teeth are of major importance, especially those 
affecting the dentine 'protein. 

‘ Pincus, Brit. rued. J., 1949, ii, 358. 
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Fjg. ()40.—Effec t of Vilarain-7> Deficiency on the Structure of Doge’ Teetl-. 

(May Mellanby, Diet and Teeth.) 

A —Lower jaw of puppy that received cod-liver oil (rich in vitamin-i)). The teeth have erupted regularly 
B-Lowot Ja^^of a puppy^of the if»me age that received olive oU (no vltamin-D). The enamel la very 
1 — Microscopic structure of tooth of puppy A. Note the thick 

1 — Microscopic structure of tooth of puppy B. The enamel and dentine are thin and badly oalcified 
The latter shows many interglobolar spaces. 

In Ai and B<. E-enamel, D-dentlne. P-pulp. 
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THE THYMUS 


THK THYMUS' 

The thymus in man (levelo|)s fr(»ni the third hranelual elefts oflxdh sides : 
the two out growths <‘ome into eDiitact in tin* middle lim* in front of tin* 
trachea to form a single lohed body. 

Structure.- Tin* thymus (•(»nsists of lobules made up of an outer deeply 
staining cortex of (dosely pat'ko'd lymphocytes, and a centra! faintly staining 
medulla which consists of large branclicd n'ticulnni cells, a few lyniphocytt‘s, 
and tin* conc(‘ntric corpuscl(*s of Ilassall which consist of a hyaline centre 
surrounded by lavers of fialtened cells with p<>orly staining nuclei. 

According to llanimar, the thymus is an ectodermal structure* which later 
becomes invaded by lymphocytes deriv(‘d fnun tin* nn'soderm. He n‘gards 
HassalTs corjuiscles as (‘pithelial cells which have* iiinh'igom* a peculiar form 
of difllerentiation. 
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AGE IN YEARS 


Fia. 641.—Changes in Weight of Thymus at different ages. (Boyd, Amer. J. Dis. Child 

1936, 57, 313.) 

Factors Influencing Size of Thymus.- (i) Relation to Puberhf ami 
Gonads. thymus continues to enlarge until the age of pubertif, and 

reaches its greatest development about the t(*nth or tin*, twelfth y(‘ar ; it. 
then steadily becomes smaller and atro[)hies as age. advance's (Fig. (ill). 

After castration in young animals the thymus persists and does not 
undergo its customary iiivolution. It is suggested that the regression of the 
thymus at i>uberty is due. to the internal secretions formed bv the now matuni 
gonads. 

(ii) Injection of pituitary firowlh hormone, causes growth of I, Ik; thymus 
gland in e.xperimental rats. The gland is commonly enlarged in a.crome,galy. 

(iii) Thymus and lymphoid tissue unite with aiid inac,tivat<e Ihfrotrophin 
(p. 980). Th<; thymus is commordy <.*nlarged in (lrav(;s’ disciaw*. 

(iv) Injection ol ACTH or adrenal corlicoids reduc.es tin*. lym[)hocyte 
content of the thyniiis and lymph nodes. There is a coincident d(*.c.rease iii the 
circulating blood lymf)hocytes.2 The thymus is enlarg<*d in Addison’s disease. 

The thymus and the lymphoid tissues generally rapidly atroj)hy in starva¬ 
tion and states of malnutrition. The charige is probably due* to increased 

» Park and M‘(3iirr, Am^r. J. DU. rfiild., I!H9, /.V, 317. Hainmiir, Kndwrin., lOl’I, 
5, 543, 741. And«'rsf>n, Chysiol. Her., 1932, /2, I. McKaclierri, Medkiue, 1943 2*^ 1 

2 Voffey, Hiol. Her,, 1950, .25, 314. * • 
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oorticoid secretion. Thus intact rats starved for 4 (Jays lose 45% of the 
protein of tlieir lymphoid tissue ; adrenaloctomizcxl animals, however, show 
no su(di loss. Jt is siigg(?sted ^ that adrenal corticoids an*. secr(‘ted in starvation 
and “ mol[)ilize ” and break down tissue proteins. The lymphoid tissues are a 
rich store of labih* f»rot(‘in which is readily hydrolyzed to amino-acids t(» l)e 
iis(‘d for the maintenance of niore esscuitial tissues and for neo^du(;ogenesis. 

Functions of Thymus. The only known function of the thymus is the 
manufaetlire (and ]>ossib]y the destruction) of lyrn}>hoe.ytes. Its resj)onses 
ar(‘ those of lynijdioid tissm* in ^em*ral. Extirpation or injection of extra(?ts 
of this fiiami in normal animals ha.s produci‘d no significant reproducible 
results. 'I’h»‘re is no deeisivt* (‘vid(‘nc(‘ lliat tin' thymus forms an internal 
s(‘eretion. 

The gland is commonly (Uilarged in f^rtnu's ; in some cases 

removal of the gland Jias resulted in transient or soimdimes more lasting 
(dinical improveirn'iit. It has b(‘eii .suggest(‘d that in this disease the eiilarg(‘d 
thymus may be reh‘asing a e.urar(‘-like substance (p. 510) ; extracts of tin* 
removed glands, how(*v(‘r, have no such ]diarmaco]ogi(ral action. 

Hyperplasia of Thymus.—I'here an* cases in which the thymus fails to 
undergo involution at tin* projicr time or theni is reiKuval of growth after 
involution has been established. In thes(‘ latter cases it may attain a weight 
several times that of the normal organ. Such hyperjdastic glands arc found 
in infants, usually unassociated with general lymphoid overgrowth; they 
occur in older individuals in connection with derangements of the organs of 
internal secretion, e.g, Addison’s disease, acromegaly, eunuchoidism, in cases 
of myasthenia gravis, and in status thymo-lymphaticus. 

In infants the abnormal thymus may weigh 60 g. at birth, and constitute 
an obstruction to the respiratory passages or great veins ; in older individuals 
it is doubtful whether mechanical obstruction is often caused by an enlarged 
thymus. A condition called thymic asthma is described, in which attacks of 
suffocation occur which are said to b(; relieved by partial removal of the 
enlarged gland. 

iStativs Thvmo-Lymi*hati(u\s. —In many young pcmsoiis who have di(ul 
suddenly aftiu- some slight injury or infection which S(*i*med iiisuJlicient to 
caus(^ death, g<*.n(*ral swelling of the ]ym])hoid structunvs and enlarg(unent 
of the thymus are often found at aiitojisy. It lias been supposed that the 
thymic hyperplasia is related in a significant maimer to the occurrence of 
sudden death. But tlu* information available is iiiad(*(juate for any judg¬ 
ment to be passed. It is claimed that gcm*ral lymphoid overgrowd-h 
is not regularly associated with the thymic enlargement in thtise cases, and 
that there is (umseciuently no justification for the name “ status thymo- 
lyin]diaticus.” Others regard the thymic overgrowth as only part of a 
“ general (constitutional inferiority ” of the affected person. In male subj(‘ets 
there is a tendeney to female secondary sex characters, c.g. scanty liair on 
the face, smooth velvety skin, small ext(*.rnal g(*nitals, and roundt‘d thighs. 
In women the thorax and extremities are slender, the genitals hypoplastic, 
and menstruation is irr(‘gular or absent. The musmilature may lx*, flabby, 
the heart is weak, and th(c large blood vessels are iv.latively narrow and 
thin-walled. The failure of this inade<juatt^ circulatory in(M*hanism may b 

^ Hecent I^nxtress IJormonr Iteftrarr/i^ !5149, 4, 1.59. 

= et al, J. Path. Pad., 1931, 34, 213. 
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OIK' of f.lu' imporlaiit c.iusos of sudden <ieatli in these sultjee|.s. Tliere is 
no proof that the thymus is concerued in tbe produidiou of tlii; various 
clinical manifestations described or in causing tlu' sudden death which may 
occur. It is suggested that incomplete difl'erentiation of the sex glands 
may be responsible for the failure of tlu* thymus to undergo involution, 
and mav also account for the other f(!atures of the condition. 



X 


NUTRITION 


TIIK VITAMINS' 


The t(‘nn vitauiin lias undergone important (rliaiiges in meaninj^ since 
it was first introdiiccd ; as a result it carries witli it some imprints of all its 
(litterent meanin^rs. Forty years a^ro it was helieved t-hat the essential con- 
stitmmts of a diet wiin* : protein (in amounts snllicient to maintain nitro- 
‘'eiioiis equilihriiini in the adult and growth in th<i young), carhohydrati' and 
fat (th(*se tlnee foodstulfs togetlier must he present in snllicient amounts 
to yield the full calorii^- reipiirements), certain minerals (inorgaiiii* ions), and 
wat(‘r. Hut later, when a (hrmlcallff p///‘c ditd. of this kind had heen prepared 
and administered, 1 h(‘ animals die(l; natural foorl, therefon*, (;outains other, 
non-ealorie-ju‘oviding. hut nev'ertlieless essential, constituenrs for growth, 
health, and life. Tn rats, addition of small amounts of milk to a diet which 
according to tlie t lu'ories then current was adeipiati? (hut actually lethal) 
preserved iiealth and resionsl growth ; the unknown essential fa(‘tors in 
milk were called accpssor// faftd factors hy Hojikins. In the meantime other 
studies showed that c('rtain other tlicoretically adiupiate di<*ts, of which 
polislied rice was the main constituent, produced heri-heri ; addition of rice 
polishings to tin* diet cunsl the disease. The active principle in the rice 
polishings was call(‘d a. rifantinc {l.c. an amine (‘ssimtial to lif(‘). When it 
was discov(*r(*d that few of th(' “ vitamiiuvs were in fact amines, the word 
wa,s respelt vUanrin. The term vitamin gradually (*aine to h(‘ defined as a. 
suhstance of unknown <’hemical <-omj)osition, prohahly a complex organic 
compound, which must he ])?'esent in the food in minut(‘ amounts to enable 
grow^th, health, and life to he maintained. The accessory food factors or 
vitamins w'(*Te soon divided into (1) fatso]able, i.c. tliose jireseiit in fats and 
soluble in fat-solvents : (ii) teatrr-sfdable. Th(‘ fat-soluble were differentiated 
into vitamins-.d and -I) \ tin* water-soluble into -Ji and -C. It was soon 
found that vitamin-/:? was not a single substance hut a mixture of several 
substances ; its title was alteretl to vitamin-B complex, and the individual 
constituents, as they were isolated, were given divstinctive names. Ra|)idly 
the ch(‘inical identity of the vitamins was work(‘d out and many such sub' 
stances ar(‘. now known,^ They are : 


Vitamin-J 

„ 1 ) 

K 


>A11 fat-soluble 


^ Harris, Vitamins : A Digest of Current Knowledge, London, 1961. Bicknell and 
Prescott, Vitamins in Medicine, London, 2nd edn., 1945. Wolbaoh and Bessey, Physiol, 
Rev,, 1942, 22, 233, 

* Most of the vitamins are groups of closely related substances, e,g, vitamin-2> group 
(p. 1009). 
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NATURE OF VITAMINS 


Vitamin-^' 

-H roiiiplox, i.e. Tliianiine 

Nicotinic Acid 
RiboOirvin 
Pyridoxin 
liiotin 

Pantothenic Acid ^ 

Folic Acid ^ 

\’itaniin-Rj._, ^ 
and others 

The distinctive characteristic of th(‘ vitamins is that th(‘y are micro 
constil iit*nts of the diet ofhi^h })iol<)«>fical activity which cannot la* r(‘|)laced bv 
other vorrifal dietaiy constitiKnts. TIk'V a])]>ea.r to be indispcnsabli* for 
certain specific functions of tlie body; in most cas(?s their mode of action 
has be^m fairly ch^arly defined. TIk'v do not C(mtnbut(‘ to tlu^ entU’^^V of the 
body ; in many cas(*s they mobilize energy. 


y6-CAR0TENE 


Caf \-CH*CH-C»CH-CHsiCH-C=CH-CH 
cl j CH3 

^CH? ^CM3 


Hjc enj 

Ctif \-CH«CH-CBCH-CHa:CM-CrCH-i:H 
clz c” 

^013 


HjC CHj 

X 

VITAMIN A M2^ C —CHssCH-CasCH—CH=CH—CSSCH-CH2OH 
I 11 I I 

H2C C CH3 CH3 

CH 3 

P’kj. Struetun; of )f^-(^arotene aiifl Vitaritin-^'l. 


Sometimes an indisptmsafile vitamin for one specie.s (X) can be synthesized 
by another sp(;cies (Y) ; the sufistance in qiKistion is tdien not a vitamin Inr 
sf)eci(;s Y. Thus ascorfiic acid is an indispensable vitamin in man ; the rat, 
however, (;an manage witliout fliefarij ascorbic acid. Both species need and 
use ascorbic acid in th(*ir tissues but while man c.an only get ascorbic acid 
by taking it in as part of his food, the rat can synthesize it. Another 
example : tlie liacteria in the intesLinci synthesizci several members of the 
vitamin-i^ group ; these vitamins are tlius supplied to the body partly by 
the diet and partly by the intestinal bacteria. If the ba(jt(iria are killed off 
by sulphonamides, signs of vitamin-/^ deficiency may develoj) because the 
supplies of di(?tary vitamin ar<‘. in theniseJvcis inadecjuatc^. The generalization 
* Sec Emerson and tolker.s, Ann. Jiev. Hiochem., 1951, 20 y 559. 
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is as follows ; indisjxnjsal)l(* clifiiiical (•oinj)ouii(is or j'roiij>ii»gs lliat can la* 
syntiiosized in tin* body (1 lie body in(?hidt?s its cooperative inU^stinal bac^teria) 
need not be jjrovided as such in the food ; indispensable clieniiea.1 compounds 
or groupings that (.cannot lie syntln\size<l in the body niusl be provided as 
sindi in tlie food and const it iil t* the so-called vitamins. 

Vitainin-/j, the, -B group and are d(*alt with below. The other x itainins 
are discuss(*(l elsewhen* : ~.f), p. HXt’^; p. Iu8(i ; p. IbJ. 

Vitamin-.t The \ita?nin has the formula sfiown in Fig. ()I2; a closely 
relat(‘d substance is tin* hydna-arbon />-c//ro/c>n’ which is readily 

traiisformecl in the cells of the iitfrsfinal trail into vl(ainin-A 
al(‘oliol with a tenninal ClIo^Hl gmuping). J^>olh (‘aroban* and vitarnin-/! 
belong to tin* gimeral group of cnrolenoitls, a st*ries of ifrlhtir-ml pigments 
characterized by alUamate single ami double bonds along their main (‘ cliain. 
Vitainin-.t <-an now be ]>rej)are.d synthetically oji a commercial scale. 

As carotene is a jnccursor of vita min-.d it is often referred to as p/v>- 
vitainin-/J. 

One international unit (i.u.) of vitainin-.d is the activity (in animal (‘xperi- 
n)ents) of 1 //g. of cryst.allim‘ vitamin-.d acattati^, wliicli corres]>omls to 

/^g. of crystalline vitaniin-^1. One i.u. ofcarotinn^ is tlie activity td’U-O ^/g. 
of carottun* ; this stauda,rd recogniz<‘s the fact tiiat divlartj cnroirttr has about 
half the biolotfical adiriUf of vitatain-A, The explanation of this lower activity 
may be that vitamin-J is a])sorl)ed iroin tlie intestine more r(‘a(lily tinin 
carotemr. 

►Soi’JtoKS. Vitajiiin-.d is found as such in tlie fat of milk and therefore 
ill milk products like butt(*r or cream : in e////s ; in very large, amounts in 
liver fat, esjiecially in cod-liver oil and in greatest. (Munjentratioii in haliluit - 
liv(‘r oil. The vitamin is absent from purely vegetable fats like linseefl oil, 
olive oil, or ciiconut oil, and conse(piently from jmrely vegetable margarines. 
.Ml margarine in (Jreat liritain, however, has since the last war b(*en reinforciul 
with add(.'d vitamin .1 (and -/>). Gremi vt?getables and (airrots are free from 
vitamin-yl but cfintain variabh‘ amounts of carotene, lioth tin* vitamin 
and carotene are stable and can withstand (ln‘ ordinary juocesses of cooking 
and boiling. 

It is (lithcult to assign precise values to the vitamin-.d or (*arotene 
content of the foodstulfs. In tin* case of foo<lsrulTs of animal origin the value 
varies with the amount of earotene which t he animal ingested in its dit‘t: 
(‘xtnnmdy wide variations (uji to !eiifoj<l) ai-e also found in the vegetable 
foods. The following a,v(‘rage values servt‘ as a guide : milk, 2()()0 i.u. 
per pint ; butter, 2000 i.u. per ounce : one egg, 2U0 i.u. ; cod-liver oil, 
200 13,000 i.u. per tiNispoonful ; halibut-liver oil, bOO 7200 i.u. per drop 
(20 /xg.) ; carrots, 2000 7000 i.u. (as carotene) per 100 g. ; ealibage and green 
leafy vegetables generally, 1000 2(.MX) i.u. (as carotcme) [x'r 100 g. ; the white 
hearts contain less. 

RjiVUiKKMENTS.—There is considerable uncertainty about both minimal 
and o])timal recjuirements of vitamin-/!. 'JMie amounts rtx'ommended (per 
day in i.u. of carotene) are : for an adult, hlMM); young children a-nd during 
puberty, adolesccuice, pregnancy or lactation, u]) to biXK).^ A diet (jontaining 

^ Morton, Antf. Hrpfi. (-hem. t>ior. for I94.U, 10, 244. 

“ 'riu\sc values liold when all the vitamin is adininisteivd in the form of its precursor, 
i.v„ earotiiiio ; about half those amounts arc noedevl if the vitamin is given as such. 
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RELATION OF VITAxMlN-J TO VISION 


a. of milk, 1 oz. of huttor or vitainiiiiz(!(l margarim*, and a •rood 

jjortion of irrveii vt'irotabh's or carrots daily sliould lx* adtxjuatc for minimal 
ne(?ds. If tin* milk ration wen* increased to one pint daily and cod- or lialihut- 
liver oil were add('d optimal needs would he (*asily met. 

AnsoiirTiox. \ itainin-/l and carotene a7(* ahsorh(‘d from tin? small 
intestine together wit h fat. (]>. 8t)0); the fat acts as a “ carrier ” for the fat- 
soIuhJe vi1ami7i-J and fat-soliihle carotem*. 

Relation of Vitamin-.l to Vision.—The phototro|)ism of j)la7its (y'.c. 
their tendency to Ixmd t(»wa 7 *ds the li^ht) and tin* similar phenoniemm of 
free-swimmint* lowly animal forms moving towanls the lijudit depe7i<]s <m tlie 
action of the blue end of tlie light spectrum : these waves are ahsorlxd 
hy a group of yellow j)igme7its, the carotenoids, which constitute the 



Fio. 04,‘J.—(>)meal (’hangcH in Vitnrnin-.4 Deficiency. 

(K. JMellanby, Xulrilion and Disease, 1934.) 

A “Section of normal f‘«iriiea. Jt^Cornea from a rabbit, ted on u diet delb-ient in Vit.amin-A and carotene. 
Mote thickening and keratinizatiou of the cpitlieiium of t lic cornea in U. 


“ c]ie7ni(;al eye ” of aiiatomically eyeless plants or invertebrates, in the 
vertebrates carotemoids aie fouiid in the anatojiihral eye*, both in the rods 
and in the cones. 

(i) Hods. — The 7iiodo])sin (visual pU7*])le) of tin* i-ods is a i*ed-coloured 
caroteiioid [ligrnent w^hicli i.s conjugated with [)rot(‘in. Und(T the iiifluence 
of light, rhodopsin is split into a colou7i(*.ss ])rot<‘in aiid the yellowish com|)ound, 
rctiif.rne, wdiicli is the aldehyde of vitamin-.d. Sub.se(|uently this 7 *(;tinen(i is 
converted into vitamin-A, which in turn is comluiudi with |)rote,in and recon¬ 
verted into rhodopsin. 

(ii) (U)nes. —Carot(*uoids have becdi (ixti*act(‘,d from the macula. In 
chickens the pigment is a violet sulbstance call(*d iitdopsia .; fi'oni the y(‘llow 
spot (rnacdila lutea) of 7na,7i a [ligmcnt has been extracted, said to res(*7nbh^ the 
xanthojihyll of leaves, which has the empirical formula C 4 nH. 4 (()H)o. 

It is clear from this work, that carotenoids, including vitaiuin-A are 
rehited to mammalian vision. 

Dark Adactation. — On jiassing from a bivightly illuminated to a dark 
enviroimient, the speed of diuk-adaptaVion {i,e, the ability to see better in the 
dark) depends on the speed of reformation of the broken down visual purj)le ; 
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such iida|)tatiou is impaired in vitamin-il deficiency. Dark-adaptation is 
tested as follows :tli(* eyes are brightly illuminated and the light switched oil. 
One of two measunumMits is then made : (a) th<‘ time that elaj)ses lK‘,fore an 
object of standard brightness is seen ; (/>) the degree of brightniiss necessary 
for an object to be visible at the end of a fixed time. Though the results are 
considerably intlinmced by thep.s-y67m/r>7/‘m7 condit ion of th(‘. subj(;ct, depressed 
dark-adaptation (/.c. below normal st>iindards) is the liiost sensitive index 
of human vitamin-yl deficiency. 

Results of Vitamin-zl Deficiency. -Anim a n Exi’Kiumexts. —Vitamin- 
A lack j)roduces striking ami characteristic [>athologica] changes in experi¬ 
mental animals. Yotniff rats fed on a diet com[)let(‘ in all respects (‘.xcept for 
the absence of vitamin-.^ ceas4* t<> grow, h)S(‘ w^eight, and finally die. It 
sliouhl be stress(Ml that lack of anv one of the vitamins arrests growth in 



Fio. ti44.—Xerophthalmia following Vitamin - A Deficiency. (E. Mellanby, 
Nutrition and Disease, 1934.) 

A * Normal eye. B — Affected eye. 


young animals. Fully grown animals deprived of vitamiii-y/ may survive 
for moJitiis, but linally succumb to some intercurrent inft’ctiou. 

Striking pathological changes are found experimentally in the eyes, inies- 
tiiie, and respiratory tract. The outstanding histological feature is the 
tendency for slmfljictl cpUliAia to become fjreulltf ihiekemed and for columnar 
epltheUa to be transformei/ into transitional or slratijied epithelia. 

(i) Eyes .—The lachrymal glands cease to produce tetirs. The corneal 
epithelium becomes thickened, dry and wrinkled (Fig. 013) and secondarily 
may undergo necrosis or become infected. Inflammatory processes occur in 
tluj conjunctiva and may involve the anterior and posterior chambers of the 
eye, leading to complete blindness (Fig. 044). The eye disorder is referred to 
as jcerophthahnia, and is a specific sign of experimental vitainiu-/l deficiency. 

(ii) Alimentary Canal .—The cells of the salivary glands do not secrete, 
and appear shrunken ; the epithelium of the ducts is proliferated and the 
lumen is partially occluded. The mucus-secreting cells of the intestine are 
atrophied and the tips of the villi are necrosed; masses of bacteria may be 
found filling the lumina of the glands. 

(iii) The upper respiratory tract, particularly the nasal passages, trachea, 
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and bronchi, shoWvS a trausldrmation of tlu; lining cells into a stratified 
epithelium of Hattened cells which undergo extcumive keratinization. [Similar 
changes occur in the ra-ffuta (p. 1087) and 

(iv) liesififance lo IhfecflotL- As a n‘siilt of the structural changes in many 
epithelia and otluu' tissues their lomi n'sistamr to infrrfi(nt is nMluced. From 
these sites, orgatiisms may juiss into the blood stream ; broncho|)neunionia, 
enteritis, and inllammatitm of the t‘y<'s may develop ami prove* fatal. In 
mice ferl on a diet (h*ficient in vitamin-.d, the int rodnclion ofsiiitabh* measured 
doses of mouse-typhoid bacilli may giv<* a niortality rati* of 8o 100'^;,. 
When the experimi'Ut is jepi'ated on mice f(‘(I on the saFue diet but with thi* 
addition of large amounts of vitamin-/!, the mortality rate is only lO 
though in all external appearances the two batches of mici* may a[>pear (‘((iially 
normal. 

(v) Vitamin-.! delicieiicv in dogs leads to marked (»ve]‘gn>wth of certaiti 
bones, especially the skull and vertebral column. Owing to the resulting 
com])ression of the spinal roots and cranial nerv(*s complex nervous symptoms 
develop. Vitamin-j may lie a factor regulating normal bone growth.* 

Studies in Man.- —ExrKuiMKNTAi. Pi ui: A'itamin-/! Dkfjcikm v. 
Twenty volunteers wi're kept for long ]»eriods on a di(*t free from vitamin-.! 
or carotene. Many investigations AV(‘re (*arri(‘(I out luit tin* only positive 
finding was an inipairinent o\' dark adapt at ion (p. ]t)22). The very dilTerent 
results in animals and the clinical findings to be describ(‘d below may be. due 
in part to species differences, t lu* duration of t he deficiency and the ])resence 
of other conditioning factors, c.i/. mtillifiie deficiencies or infections. 

('li.vical Finjitnos. (i) Xn'ophtli<.ibnia~-'Wi't associaton of this con¬ 
dition in man with vitamin-/! deficiency is firmly established. In Denmark, 
during the first world war, the fats rich in vitamin-.*! were exported, and 
the ]>opuIace liv(‘d largely on margarine and skimmed milk ; several out¬ 
breaks of xerophthalmia and broiiehopueumonia were reported. Fifteen 
hundred cases of xerofihthalmia occurred in Japanese childrim who were 
fi*d on inadenuate diets : the condition was cured hy the administration 
of cod-liver oil 

(ii) Skin Clianj/cs. Changes in the .v/,//# often occur in vitamin-/! d(*ficieney 
in mail. Tiius, in many gaols, asylums, liuspit.als. and schools in .Africa, 
(diina, and Ceylon the inmates fn*nuenlly suffer from dryness of thi^ skin 
and jaipular eruptions due to destruction of the duets of the sweat glands 
and the hair follicles ; the condition is called ■' toad skin '* in (V*ylon. Jt 
usually precedes tlu^ development of xerojihthalmia, and like tin* latter 
condition it is rajiidly cured by means of cod-liver oil. 

(iii) Ir^fhiioas. T\wTi^ is no clear evidence that vitainin-/l lack in man 
lowers resistance to thi* common infections : excess vitamin-.*! certainly do(*s 
not raise general immunity above normal. 

Vitamin-/! Group. —This groiij) consists of a series of wati^r-soluhle 
organic substances which are found in all the tissues of all species from the 
bacteria, protozoa or yeasts u]> to the highest mammalian forms. Most 
of the mem bin’s of tlie group are constit uinits of fundamental tissue cnzfjmv 
sysle.inH, e.tf. those involved in the oxidation of the foodstuffs, and are there¬ 
fore indispeiisalile for the normal functioning of all tissues, .As might be 

’ K. .Mellarjhy, Proc. rov- <SV>r. /i., 1044. I'i'J, 2S. 

“ JJril.tJIeA. Jiefi. Council Sp. Jicp., 104!), yi rics 204. 



102.5 


rn I AM IX K (A X FAJRIX. \ J TAM IX-//^) 

ex]HU*te(J, host studied niendxus of tlie groiij), i.e. thiamine, riboflavin, 
and nicotinic* acid are ^renerally found loj^ref lnu- in fV)odstuffs bul not necessarily 
in th(i same ]>ro|)ortions. Most inemlxu's of tin* vitamin-/^ ^roii|» can be 
synthesized f>y tin; int(*stinal ba,cteria (cf. ]). ^35). 

The (die.inistrv, rec]uire.nn‘iits, and functions f)f each nn'inbrr of' the -B 
group an* discusscfl below. The n‘sult.s of vitamin-/^ deticiencies an* <*onsideied 
on f)p. 1021^ (V .very. 

I. Thiamine iAneurin. Vitamin-/>\j. 

N--(: (J -rC— 


li li i 

N—CII ('ll- S 

ryriinidiric 'l’lii;r/.ulc 

N - C-NIL 

I 

y'C == C.CHo.CHj.OH 
CHa-C C-CHj-X 

i| !i i 

!i ; cH-s 

N-CH Ci' 

'i'iiiainiric 

( 140 . Structure ot Tliiamim* (V itamin-/>h). 

'I'he inolecuh* (shown in Fig. G ir> as the lnfdwcItU^rhle) contains a (Hfritnidinv 
and a. thidzole (sulphur-containing) ring systejn. I'he int(*rnatii>nal unit is 
e<|uivai(‘nt to 3 //g. of thiamine. 

Souiu'KS. Tin* best sources an* cemils^ and tfrftsl. In the cereals 

thiamine is found mainly in tlie genii and bran. \Vhoh‘-meal flour pn*j)ared 
from tin* <>ntire grain, or Hour of a high degree of extraiUion contains miicli 
mon* thiamim* than tiin* white (lour (p. lUbS) ; likewise, so called polished 
]ic(* (/.c. rice from which the husk has been removed) is deficient in thiamine. 
Tlie vitamin is uniformly distribuU**! in the juilses (p(*as. beans, lentils). It is 
present in small amounts in meat-, milk, ami vi'getablcs. The syntln‘tic 
vitamin is availalile commercially. 

PhoI'Kutiks.— 'riiiarnim* withstands pnH*t*dures such as drying, pickling 
or brewing without loss of potency, (’ooking proces.ses such as a short period 
of boiling at HK)' (J. are not harmful, but rapid destruction takes j)lace in tin* 
autoclave at 12(V^ ('. Canning in an alkaline, medium leads to serious damag(* 
to th(^ vitamin owing to its oxidation to fhlorlrroinc. In the drird form the 
vitamin is very stakh^ and withstands heating at I2(r (’. for as long as 21 
hours. 

IIkqimhkmknts. The amount of thiamine ne(*d(‘d by the tissues (in the 
form of (///>//o.s 7 >//othiamine is din*c*tly related to hod^ (vriff/ff, the metabolic rate, 
and the l(‘vel of idtijsiral activiUf, and depends on the composition of tlie diet. 
As thiamine is specifi(*ally eni])loyed in carbohydrate utilization the amount 
r(.*(juired is directly ndated to the amount of glucose which the diet yields. 
For simplicity of calculation the protein intake is added in with the carbo¬ 
hydrates and the combined calorie value is called the non-fat calorics (N.F.C.b 
33 
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Cliiii(^al stiidit^s havr .shown that vvlion tin? daily thiainiiu' intake^ exrmled 
0--17 nig. per l(KK) N.F.(‘., h(*ri-})ori did not ocr.iir. 'Fho miniinuin intake, 
allt>wing a margin 1 ‘or safety, is estimated at tt*(U> mg. })er 1000 N.F.C.; the 
total daily miniinnm iniaki* on an average diet containing .‘iOOO Vai\. of which 
over 21 MM) (hi. are d(‘rived from non-fat sources would thus he about 1*5 ing. ; 
the optimal total daily intak<*. might he 2 mg. When tin? JhM.K. is raised 
(r.ff. in f(*hrih‘ slates) and in ])eopl(‘ doing hard manual work, a larg<*r intake 
is n<‘ede(i. It must always lu* home in miml, however, that thiamine is syn- 
thesi/e<l in unknown and variable amounts hy the int.(‘stinal bacteria. Signs 
of thiamine lack can he precipitated on what a jijiears to lu* an aileipiate diet 
by adininist(*ring .sulj»haguauidiue and relaied sulphonamides which kill off 
the intestinal bacteria. 

Hole in I'is.si’es. In the tissues thiamine is found in the phos[)horylate<l 
form as (liplfospltofliiahiiat^ whi(‘h is a coenzyme for rtiactions which involve 
iUrarhajjihitioa of acids. Such decarboxylations (and tin* reverse process 
iWfled rOo fixation) play an important part in the dissimilation of the 
metabolites wJiich (‘liter the common metabolic pool. The reactions in which 
diphos|)hothianiine is involved are : 

(i) Pyruvic acid* ;,Act‘tic acid r (HI 2 (p* 

(ii) Oxaloacetic a(*i(C-?Pyruvic; acad fCHlo (“ carboxylasi? *' r(*a(*tion, 

V' 

(iii) Citric acid--:^n-K(‘togluta.ric acid rCOo (p. S51). 

(iv) a-K.(‘toglutaric acid-'vSuecinic a(;id-‘-('(J^ (p- Pig- 559). 

All lh(*s(‘ reactions are stages in carhohijdmte atilizatloa. It will be recalh?d 
that the luain and juobably all nervous t;issu(‘s use blood gluco.se as their 
primary source of (‘in*rgy. It is not surfiri.sing to find that carbohydrate 
metabolism (('speciallv in the brain) is d(*rang(?d in thiamine deficiency 
(p. KKSO). 

In thiamine-deficient [ugeons pyruvic acid accumulat(?s in the brain, 
especially in the brain stem, b(*cau.s(* it caiiiKd be dispo.s(*d of; t-ln* cone(‘ntra- 
lion of ])yruvic acid al.so incnuises in the blood and (U‘n‘brosf)inal Iluid. If 
thiamiiK* is added t(» a Imain slice from such a bird the pyruva.te rapidly 
di.*<ap]u:*a.rs. 

2. Nicotinic Acid Amide i Nicotinamidej. 

Nicotinic acid. Nicotinic acid amide. 

,/\ COCfH yX CONIljj 

I II I II 

N N 

Sonn ES A.\i> Reqihrements.—T he ri(diest .sounu^s an*, liver (15 mg %), 
kidney, and 3 'ea.st; meat is a valuable source containing 5 mg : the other 
im])OTtaiit sour(‘es are whoh* meal flour and gn^en vegeta.bl(?s ; milk (‘ontains 
only O.ttS mg "o. Of t-lu; ce.reals, maize contains lea.st nicotinic acid. Tin* 
daily n(‘(*d is thought to lu* about K) ing. It should be eniphasizijd that 
nicotinic acid is synthe.sizful by intestinal ba-cteria. Nicotinic acid i.s un¬ 
affected by cooking. 

R(jee in Tissues. Nicotinamide (whicJi is a pyridine? derivative) is 
found in the ti.ssu(*s as a nucleotide, diphospliopyridine nueleotide (DPN), 
usually railed coenzyme-! ((V)-l), formed bv the combination of adenine 
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ribose, pliospliate, and uicotinaniidt^ (Fi^. 552, p. 841). Tlierc is also a cor- 
respojidiiii* // i! j)bospIu)j>yridino micleotido (TPN), coenzi/me-lJ (Co-Il). 

(?()(*rizyrnc,s-l Miid -11 are tlie cotnizynies for ojctdative enzymes {dchydro- 
yennsf's) ; tln^ (*o(*iizyine.s a(^t as inlerinediatt^ carriciis for tlie hydrogen 
(211) re|(‘{iMMl from various substrates by the. clehydrogenase enzymes (p. S IO). 

('o l is tlj(‘ eoeiizyme for tlu' following reactions, among oth(‘rs : 

(i) Lactic acid—Pyruvic, acid |-21I (p. 819). 

(ii) Pyruvic, acid i llaO-^Acetic acid | COo i-21I (both an oxidation and 

decarboxylation, p. 850). 

(iii) //-Hydroxybutyrie acid—^-A<*(*toac(^tic acid • 211 (p. 8()9). 

Co 11 is the coenzyme foi* tlu* following reactions, among others : 

(iv) (’it.ric acid->/>-I\etoglutari<* acid-f-C02 i 2H. 

(v) Clutamic acid ;-II.^C—>/>-Ketoglutaric acid j (botli an 

oxidation and deamiiialion, p. 885). 

All tlu* reactions are shown as a loss of 2H from th(‘ substrate on the left, 
the 211 b<*iijg passed <»n t<» tlu* (‘<)enzym(‘, which is tlius converted to the 
reduc(‘d form : 

Co-T-i-2H - >Co-l.2H. 

'rh(‘ same enzyme and coeiizynie systems are required by th(‘ reactions in 
r(‘vers(‘, /.c. wjien reduction of the substrate is taking place and the reduced 
coenzvnu' is being r(‘oxidized, e.y, : 

(5»-l’211 -vCo-l-i-21i 
211 I Pyruvic acid->-La(t.ic acid. 

Th<‘ nic(»tinainide-containing ('oenzymes are thus concermal with many 
of the imj)ortant. (nierg}’-j[)r()(lucinjr reacti()ns of metabolism. Nicotinamide 
(or iii(‘otinic acid) deficiency leads to metabolic tlisturbanees m many tissues ; 
as might be anticipated, the nervous system is gravidy involved. Pdlayrn, 
the main clinical syndrome of nicotinamide defiei(*ncy, is discussed on p. 10*17. 

8. Riboflavin. Soimcics and Kkoitihkmkats. The. international unit 
is equivalent to ;.l//g. of riboflavin. Tin* main sour(.*es an* again m(*at, milk, 
and wholenn‘al flour, riinical studies show that signs of riboflavin deficiency 
occur when the daily rihollavin intake is 0*2 0-3 mg. per KXX) total Cal. : 
an intake of 0-55 0*5 mg. |)er KHH) total (’al. is ade(|ua1e. On an average, diet, 
a tofal riboflavin intake of 2 mg. daily is ju‘oba])ly adequate ; more is needed 
wh<‘n th(‘ metabolic. raO^ is imu’ca.sed. Riboflavin is synthesized by intestinal 
liacteria. 

STJU'CTruK. Ribollaviji is a ytdlow-green |)igment consisting of a three- 
ring s^'stem (iso-alhKmzinr) combim'd with an alcohol d(*rived from ribose 
(rii)ilol) (Kig. tilb). 

C ll.,.(CH OR )3.C KgO 11 {Riuiol) 

I 

oil, N N 

\/ 

I r I {iau-aHomzlHc) 

/ f '"s/ 

CII3 iN CO 

Fio. ()40.--Structure of Riboliaviii. 

RoLt: JN Tissues. In the tissues riboflavin is found as a dinucleotide 
made up as shown on p 1028. 
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Iso-iilloxfiziiu* Adenine 

.1 .1 

Ribitol - IMiosplialt* - Pliosplifite Ribosr. 

This siibstan(‘(‘ is ealh'iJ llavin-adeiiine-diuiicleotidf (FAI)N), for 
bn*vit y, JhtriH. 

Flavin is tin* jn-osthetit* of a number of dehydroi^ittisc enzyntes 

(the Jlaroprotr 'uis) (p. Sbl). "I’liese (‘Jizymes eiilalyse th(‘ release of 211 from 
various substrates, and their flavin jrroup acts as a tem|)orary hydroyett-rarrirr. 
Tile hyilro.ueii is jiasstul from the flavin to the eytocliromes (|). iSol), and 
tlumee finally to r(*aetions witli molecular oxy^tm to give watm-. In particular, 
thos(.‘ oxidation reactions recjuiring coenzymes-1 or -II as initial liydrogeii’ 
carrim-s (])p. 8in, Sol) reipnre flavojiiroteius as the next hydrogen-earritT of 
tlie chain leadijjg to jnolecular oxygen. 

As flavin occupies a key juisition in reactions l(*ading to the oxidation of 
hydrog<‘n to water, one would exjieet that dietary deficiency of riboflavin 
would lead (o dramatic disturbanc<‘s of function, 'fhe a(‘tual changes 
observed clinically are, (h‘scribe<l on p. lOTt ; they are far less striking than 
might have been anticijialed from the imdabolic findings reconled above. 

Certain other memlu'rs of the vitamin-y^ group should lx* noted, though 
tlieir role in man is still e»bscure. 

I. linyrix.' - Its formula is shown below. 

O 

il 

C 

/ \ 

UN Nil 

1 I 

HC— CH 

i I 

HjjC CH CUgClIgtJHgCOOU 

'Ns-"' 

Biotin (or a derivative) parti<*ipat<\s in many COo fixation n*actions, ])art.icu- 
larly tin* carboxylase n‘action leading to aspartic acid. 

b. PvRiDOXiNK. its formula is shown below. 

Oil/) II 

i 

HOCH. 

N 

Pyridoxine and its derivatives (the vitamin-/^ji grouji) act as coenzymes 
for transa,mination reactions (p. 885). 

Nothing is km)wn about the effects of pyridoxine iiisutficicmcy in man. 

f>. P.WTOTHK.Mc .Acid. It is (concerned (as a dinnejeotide, referred to as 
(\)enzym(* A) with acetylation reactions (p. 874). 

7. Folic Acij) and \TTAMi.\-/yjo. - See p. U)8. 

‘ V igiivainl, ^cieiii:e, 96, 455. 
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Results of Vitamin-/^ Deficiency. —As tho iikmiiIhms of tlio 
^o’oiip are ^(‘iirrally found t.ogothor in foods, isolafrd <loficirn(*v fd‘ any sinrjh’ 
in(‘inl)(*r of tlic «irouf) raroly occurs clinically, ihoufrh it has hcon prndncfd 
experimentally. In th(‘ c.oinitioFi (dinical condition nndfl/dr deliciency the 
si«rns of soni(‘ <mr. sin<j;le deficiency may [iredominate and mask the results 
of the other deficiencies. If the outstandinj; deficiency is mad(‘ L^oorl the 
latertt deHcienci<‘s may f>(‘Conn‘ manifest in the aj)j»earance of new sym|)toms. 
It is necessary, therefore, to establish first the clinical ])ictun‘ of sinj^le 
deiicienci(‘s l)(‘for(‘ consid(Tin^ the naturally occurring clinical syndroni(‘s 
which fU'obaldy all involve multiph* -Ji d(‘ficiencies. 

Thiamine Deficiency in Man.- V'Kkv Skvkuk Dkfk ii:xcv.’—T he 
ettects of ])ure thiamine dcdiciency have been studied in a few women. The 
extnunely unattractive diet tliat had to be employed cojisistcal of white flour, 
suj^ar, tapioca, starch, clieese, butter, hydrogenated fat, tea and cocoa, with 
added vitainiti-(haiibut“liv(*r oil, iron, calcium and autoclavaal brewer's 
yeast (to sup|)ly other memlxns of the -li *^roup) ; the daily thiamine intake 
was D-lo me. After two tvcc/iS the first symptoms af)peared, consisting of 
fatigue and loss of a.ppetit(‘; during the. sicrond inordh there was (h'creased 
ac^tivity, ajmthy. nausea, d(‘cn‘as(Hl food intake, and a fall of blood pressure. 
During the third ntindh the consumptioii of food was furth(‘r decreas(*d (the 
calori(‘ inta.k(‘ was tlnm nn(h‘r 1500 Cal.) and the body weight fell sliglitly. 
There was dizziness, the heart rate was slow at n‘st but (‘xcessively rajud on 
exertion, tin* voltages of the electrocardiogram, (*sp(*(*ially tin; T wave, were 
d(*creas('d ; uncontrollabh* rohtifinf/ occurred : the niotilily of tin* stomacii 
and large intestine was diminished. Tliere was a grc'atly d(*creas(*d capacity 
for work, tvralxifcss in the l(‘gs, and decreased rejle.res. Sonn* of tin* subjects 
b(‘cann* V(‘ry depressed and showed other menial vhan<ies ; they complai]n*d 
of sorein'ss of the muscles and vamhness of tin* l(*gs. mus(*ular fhu'cidity, 
prc'cordial distress, and dyspinca. 

Tin* clinical pietun* of acut<* thiamine defici(*ncy can be made. clean*r by 
giving details of the symf»toms in oin* active, vigorous, ajid industiious 
woman subj(*ct. 

yif ;i() daf^s : no appetite ; weakness. 

At 70 datfs : nausea constantly [u-esent; w(*akin*ss st*vere. She onlv 
(!arrh‘.d out light duties ajid often did not com])lete her tasks. Sin* was 
apathetic and confused, and at times (rom))la,ined inind)ness and fiaffliaf/ in 
tin* h*gs. 

At hO days : spontaneous (exertion almost ceased. Tactile sensibility was 
impaired ; the mus(des of the calves were tender ; she could not get up 
readily from the squatting j)ositioii. 

At 110 120 da//.s': no app(*tite, nausea, comitiny \ apathy, myueness and 
confasioa were conspierhhis. B.l*., 110,'(>5. Heart rate, 55 05 at rest. 
90 120 on sliglft- exertion.^ Impaired sensation of pain, tactile localization and 
discrimination over tin* legs ; vibration sense impaired at the ankles. All the 
leg movements were weak and the <piadriceps extensors were almost completely 
paralysed. The knee-jerk and the ankle-jerk were absent. 

it will b(^ noted that signs of organie clianges in the nervous system 
(amesthesia, loss of reflexes, and paralysis in legs) made their app(‘aranee 
late ; th(*,y res<*mble the neuritic clianges found in b(*ri>b(*ri. .Attention must 
J Wuiiams e< oh, Arch. int. Med., 1940, 66, 785 ; 1942, 69, 721 ; 1943, 71, 38. 
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THIAMINE 1)EFTCIEN( Y IN MAN 


bo ilrawn to tlio abscMico of mdoiiia, cardiao dilataiioM, or cliMii^os in lljo skin 
and toii^uo. As bo oxpootod, th(‘ rapidity of dovolojniK'nt of tiu* 

synifdoius variott to sonu' oxtont with t]jo do^ivo of niusciilar activity. Tlio 
toriuiual stato, ospocially tin* nausoa, voinitinj^, and iiKMital chanircs, ios(‘inblos 
tlio iindin^^s in a nhml Iwt'i-hvri. 

The syniptoins d<‘scnbod can prol)ably l»o attributed solely to thiamine, 
delicioncy. TJje addition of tiiiamine, without any other chan^U' in the 
diet, produced impr(»vonn‘nt which was sometimes sudden, but commonly (if 
organic chaimes liad developed) very irradual. Thus, a sini^h* inp'ction of 
1 m«i. of thiamine raj)idly r<‘lieved some of tin* sym])toms : the nausea and 
vomitin*; ceased; the diet which had previously app(‘ared i(*voltint^ was 
eaten freely ; and a|)athy disapjieared. With sustaini‘d int<'nsiv(‘ thiamine 
tlu'rapy (c.//. I.b-lit) mtji. of thiamine <laily) stren^ith returned, the mental 
state brightened, and the siijms of organic m'rve daniai^e very slowly ch‘ared 
up. If the sul)ject was put on a tiiiamine intaio* of Odto mi:, daily, recovi-ry 


DAYS OF RESTRICTION OF THIAMINE 
0 33 rd 65 th 83 rd 116 th 



MINUTES AFTER INJECTION OF DEXTROSE 

Fio. ()47. --Metabolic (.Changes ia Acut(? Severe Thiamine Defieionoy. (Williams 
d aL, Arch. ini. Med., 1043, 71, 46.) 

Clmn«»:s in Muixl pyruvir acid al'lt r intravcianis injertion ol’dnsc nf ulin osc. 

CtMUiiMious line; nunnal rcs|ionsc. innied liin*; nsponsc uflcr a, :j: 5, r>;». "li. I m; day.'. oC tldaniinc 
dtdicicncy. 

was ])artial ; on a daily intake (»f 2 mg. full recovery linally occurred and 
sometimes unusual vigour was displayeii. The.se last data are a guide to 
minimal and optimal thiamine rt‘(pnrements in man. 

BiociiKMJC.AL CiiANOKK. Oil a normal thiamine intake, the blood thiamim* 
level is 3 -9//g - % ; one-third of any injected thiamine is excreted in the urine. ’; 
After ingestion or intravenous injection of gluco.si* there is only a very slight 
rise in the level of blood pyruvic acid (normal D-b-1*0 mg ‘)o) ^17). 

In serere thiamine dejiciency, c.y. on an intake of tM mg. jK*r ll.HK) Cab, the 
blood thiamine level fell to under 3 //g- % ; the exendion of thiamine in 
the urine progressively declined to ..zero after the lOtli day. As previously 
mentioned (p. 1026), in thiamine deficiency carbohydrate* metabolism in jiart 
sfo'p.s .short at the pyruvic and lactic acid stages ; if glucose*. (0-4 g. [ler kg.) is 
injected! intravenously the blood [lyruvic level rises temporarily to an abnorm- 
aliy high level (up to 2-3 mg-%) (Fig. 647), as doi^s the; blood lactic acid. 

Modkkatk Thiamine Deficiency. —The (iffects of a thiamine intake of 
0*45 mg. daily (less than 0*2 rng. per J(KK) Cal.) were studied in 11 normal 
.subjects for jieriods up to 131 days. For the first 56-84 days the symptoms 
consisted mainly of chanyes in the mental .state and .subjective nervou.s man/i- 
festatiom. The subjects became irritable, depressed, (juarrelsorne, or fearful 




( LINK'AL // COMI’LKX DHFK'IENCIKS lO.n 

that soMM' uiisfortinH* was ahovit to hflail tliciii ; two suhjc.cts Irll that life 
wiis no ]oM^(‘r vv(n*lh livin**: aiuJ tlircritc.iitMl U) commit siiiciJc. Work was 
incfliciently <lon<* ; they carricMl out instructions in a <iull aiul conf‘us(‘(l 
way, (Iroppcd their needles durinji sewdn^ and broke the crocfkery while 
washing up. Tliey w(!re full of complaints of lieadache. I.)a<'kache. sleepless¬ 
ness, painful numstrual p(*riods and a fretpieiit feelinu of muuhhcss in tlui 
hands and (eel. The aj)petite was jioor, ami nausea, rtnnitiihj. and epigastric 
distress were ])resent from tiim‘ to time. Attention must auain Ik‘ drawn to 
the r(‘S(‘ml)lanct* lM*twe<*n the eliane^^s just described and those of mild «%ases 
of c.(‘rebral laui-beri (j). (lastro-intestinal motility was radiouraphieally 

normal. Then* was some (tuftmin {rjj. red (‘ell count, ‘bb million) of a 
macrocytic hy|)(*rchromie type, acconijianied by hyperplasia of the n‘d bone 
marrow. ^Mie jtlttsuKt prnlf'in c(»n(*entration was lowered (e.//. to b",,) • 
fall was som(‘1imes associated witl.i a slight pitting dtlrnuf. Ihxly w«‘ieht did 
not decn‘as(‘. 

Jlecov«‘rv occurred vvr// sloirhf with int(Misiv(‘ thiamine theraj)y. 

Clinical Vitamin-/^ Complex Deficiencies. -Tin* principal (dinical 
syndromes resulting from lack of the vitamin/^ eompl(‘X ar(‘ summarized below : 

Jini-hrrl : due ]irimarily to thiamin<‘ lack. d'hn‘(‘ main clinical types an* 
reco^niz(‘d : (i) neuritic (dry) : (ii) cardiac (W(‘t) : (iii) C(‘rebral (\N'er!iiek«‘‘s 
(‘iicephalopalliy), 

Prihfffnf : dm* mainly to lack of nicotitiic acid ; a hiiih maize diet is often 
an aeoravatitie factor. 

Arihojldriuosis : the chief chane**s artribut(*d to ribotiavin lack an* 
angular stomatitis, glossitis, scrotal d(*rmatitis. k(*ratitis, (h*f(‘(‘tiv(‘ \ ision from 
n*trobulbar m'uritis, and }>aiiiful leet. 

Mfjrd Sf/iulrontcs A cifaminosls : tin* term vitamin-/f.j is often tis(‘d 

to refer to the m(*nd)('rs of the vitamin-Zf compl(*x oth(*r than thiamim* 

( vitamin-/^,). The vari(*d clinical manifestations an* due mainly to lack of 
nicotinic acid and of riboflavin. 

it is inten*stiiij> to not(* that wlien a lar^e j)opulafion is ex])osed to a 
multiple avitaminosis some d(*velo|) beri-beri, sonn* pella.iira, sonn* aribo- 
tlavinosis, and some develoj) p(*cidiar disturbanc(*s not falling «*xactly ifjto any 
of these categ<nies. As will be explained beri-b(‘ri and pella< 4 ra may involvt* 
many orjjjans or syst(*ms ; in individual (*a.s(*s the disturl>an(‘es may a fleet 
j)n*dominan1 ly otn* or otln*r orpin. The reason for tliesi* wid(* individual 
variations in res|)onse to a (tonimon dietetic deficiency is (juile unknown. It 
should also be emphasized tliat clinically vitamin~7^ d(*ficient di(‘ts an* 
commonly unsatisfactory in othi*r n*spect.s : they may lx* lackini» in protein, 
salts, or other vitamins also. 

The Singapore Captivity.* Much was learnt about tlie (‘fleets of 
V'itamin-Z^ hick from a study of the* tragic experiences of some 3b,(M)() Ihitish 
|)risoners of war in Sinpij)ore who within a ft^w days of Jbth February 1V)42, 
(diange.d suddenly from Jiorrnal ad(*(juate British rations to a grossly inad(*(juat(* 
di(*,t consisting maitily of f)olished rice. The Japam*se daily scale* of rations for 
prisoners w^as in g. : polished rice 5(.K), flour r>(), sugar b, cooking fat, b, meat 
or fish bO, fresh vegetable 1(K), canned milk lb, salt JO, tea. The full ration 
was frequently not issued. The calorie value was 2100-2b(K). For tin? first 3 

^ Snuth and Woodruff, Dcjirienci/ in .Japaumv Prison ('amps, Hrit. mrd, Pvs. 

Council Kp. Rep.f Mo. 270, inr>l . 
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yt'ars of llic .‘i.J vo.us' captivit v tin* was not seriously short of |)rot«*in, lal , 
bi, r, vitaniiu“.l and -f; hut in tin* last h months tlnue was somi-starvatiori 
as the total calorie intal<(‘ fell t<> 1500 *J000. For louir j)eriods, however, the 
diet was detiei(‘nt in vitamin-/> eoni|)h‘x. certaiidiy in thiamine, rihollavin, 
and ni(*otinie acid. The dietary defieiein-y was aii.irravatt'd hy e|)i(h*mics of 
<lvsenterv which prohahly h‘d to additional loss or d(*struetion of tin* li- 
vita?iiins in the howel. 

Tin* main i‘esults of this study are summarized in Fiirs. (ilS-tiol. Fi^^ tlhS 



Flo. (IIS,-- IiM'ideriee f>f Heri-15cri In l^elfition to T»>tal (^alorie intake anrl to intake 
of \’itainin-/>', ('I’inainine) in ni»r. per 1000 Non-Fat (’alories ainonjr liritisli 
IVisoners of AVar at Singapore tiirongliout Feriod (»!'(Vijitivity. (Onrgess, 
Lnncrl, 104(1 ii, 4I-\) 

shows the n*lations]iij> hetwe(*n the incideina^ of heri-hori and the thiamiin* 
intake (in ni<j. per ]()()f) N.F.C.) throuirhout the ]M*riod of the captivity, '/.c. 
from March 1912 to Heptcynher 1945. During the lirst s(*ven months, the 
thiamine intake w’as 0'2 t)*d mg. p<*r 1(KK) N.F.(h, and numerous cases of 
heri-heri (neuritic, cardiac, c.erehral and inix(Hl) occurred (Fig. 049). Tlie 
first case's jjiade their a|y|K*arajice after a latent p(*riod of six wnn*ks. Between 
Noveinh(‘r 1942 and May 1941 the thiaujine intake w'as higher (0-4 0-6 ing. 
per 1000 N.F.C.) and cases of beri-heri w(we rare. Later in 1944, as tln^ 
thiamine intake fell again to 0-2-O-.*! mg. ]M*r 1000 N.F.C'., cases of heri-heri 
became increasingly numerous. (Kdema wais now the commonest sign, often 
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iiija(*(?()in|)aiii(‘(] l>y iu‘uritic rhaiij^os. Up to tlii.s tinu* pn‘V(‘iition and cun* 
were ol)taiii(‘(I hy ailiiiinist(‘riiie t.liiainine or yeast extract (vvliieli contains 
t:li(* whole -/j> eoin[)lex). A siuldc]) lar^u* intak<‘ of carbohydrate (c.//. polished 
rice) in prisoni'rs wh<j had been pn*vionsly starve<l ol'b.*!! ju-eeipitated the onset 
of sie'ns of la*ri br*ri, beeaus<' tin* low thiamine intakr* was inaih‘<juate for tin* 
lar^e carbohydiate utilization. 

After March Iblb the fej^linir arran'fements faih*d and the ju’isoners 



KfC. -More <telMileiJ Analysis nt Ineidenee ol lieri-Beri 
{n()n-eerel)ral niul I’crebral) in l\elali<»ii to intake of 
Vitamin-/>*, (Thiainiiu*) in ing. jmt ltKM> Non-Pat t’alorie.s 
among IJritisli l*rist)ners of War at Singa})or(‘during lirst 
()n1l)reak (\>’ardener and l.,enno\, Ltnuri, IUI7, i, I I). 

'I'lii’ tlircslioM valur of U-:{ lu^. at tliiaiuiiK* |mt IOuU noii-l'at ('jUdims is 
proh.ihly si'ttno low. ('ascsorrinTi'tl wln'ii iJn- thi.'iiiiiur iniiikc Wiis 
a ;ai jmu. ; no rasi's orcurrfd wJirn llir niiauiiiir iiitnUr 
U' lT ini'. |HT innu 


sulf<*n‘d from ])artial starvation ; the lotal ealorie intake was 2()(K) (1al., the 
prot(*in intake fell to 10 g, and the dominant finding was famine (.vdi'ina ^ 

' Tlu‘ie is an interesting r(*fer(*nee to famine anlema in Maeaiday's essay on {Southey's 
(*f}Uoqui('i<. He (jiioU’s Magendii* (from J. dc I*hi/fiio}o(jie. v.xjurrimeuUdv) on “a point Of 
physif)logy eonm‘et<*d with the great distress in Kranei' in JSI?” to the effeot that the 
iiihahitants of eertain di^partments “ were redueed lirst to oatmeal and potatoes and at 
last it) nettli's, l)eanHtalks and other kinds of herbagt* lit only for eatth*: that \vh«‘n the 
next harvest, (‘nahlcMl them tf» eat barley bread many of tii(*m died from intimiperate 
imlulg(aic*e in what they thought an ex<jiiisite repast • ami that a liropsy of n peculiar 
des(a*i|)tion was produced hy the liard fare ol lhat year.” Kamine (edema is fully discussed 
in K.(*vs fit. ftL, llinloffy <tj' Ihiman SUirmtioH, \1.inn(*a])oJis, IUr>(», vol. ii, JI21 

33*^ 






of* Th(* first occurred earJy in the crij)tivity ; it a])jM:*arccl after a 

latent period of two aiul a half iiioi)tli.s and lasted longer than tln^ associated 
beri-beri outbreak, persisting until mid-1943. The second p(jak occurred in 
late 1944 and its time course did not coincide with the second beri-beri 
outbreak. Fig. 050 shows that the various syndromes did not follow the 
same time course cither. The iiyporiboHavinosis triad,” i.e. angular 
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stoiiiiititis, glossitis s<T(>tJil (Jrrnuititis, appeaiTd first. followMMl hy 
(painful) f<*(‘t, keratitis aiiH paraplejriu, iiiid still later hy retrof)nlf>ar lUMiritis. 
A. secoiiil outbreak of the “ triad ' ocrcurn'd in 1914. In th(* main tfie ineid(*nee 
of these signs eoineided with a low riboflavin intake (0 2 U-3 mg. p<*r 1000 
total (^al.) ; tin* nieotinie aeid intake was adequate. The aching feet are 
attributed to a eoTiiplex defieieney.' The ineidenee of |)ellagrold skin 
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HYPORIBOFLAVINOSIS E2 
PELLAGRA 
PAINFUL FEET 
SPASTIC PARAPLEGIA 
GRANULAR CORNEA 
RETROBULBAR NEURITIS 





Km. f».5l. Time Relaliiaiship <»f' Peak liiei<leiiee ot’ N'arious VitMmiti-/^ Oefieieiii-y 
.Syiidioines aiiiuag 1‘ri.soiier.s uf War at Singapore (hiring first Outbreak, .Mareli 
lh42-.]uly (VVairdener and I..ennf»x, Lancet, PJ47, i, la.) 

“ Hyixiriliollaviiiosis ” niiuulsir stomatitis, <;lossitis aiid siTotsil diTmatitis. Painful (arliing) fi td, 
granular roriu’a (krralitis), ami ictrotMilbsir neuritis are also altriliuted wholly or partly to 
ribotlaviu delh ieney. 


rash also showed two ja^aks which eoineidt*d witli a low iiicotinit! aeid intake. 

The. clinical findings in beri-beri and pellagra an* summarized below. 

Beri-Beri. (1) Nki.’imtk: (dry) kdr.m. The s[)ina.l cord and ])eriphoral 
nerves are chiefly involved. L(*sioiis are ]iresent in tin* ventral horn cells, 
dorsal root ganglia- and the peripheral nerves. There is tenderness of the skin 
and the deep structures (muscles, hones), wasting and paralysis of muscles 
and diminution or loss of deep reflexes ; the muscles of respiration may be 
affected also. 

^ Ouikshank, Lancet, 1910, ii, ‘{GU. 
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(2) ('ai:I)IA(’ («>i; wkt ) kohm. - Thcrv is euljjrj^ejiient of the lit*art owing 
to ati incrt‘as<‘ in tin* woiglit of tin* riglit vnntriclc* (resulting from either 
congesti\M‘ ln‘ait, Iiyj)(*r1 ropliy or ci*(lcma). Then* an* signs of virrulaiorif 
lailiirc : (In* heart is (‘nlarged, the pulst* is rapid and feehle. and eardiao 
(edema is pr(‘S(*nt wliicli may he (‘xtr(‘nn* and general. 

Tlie two syndroni(‘s (dry and wet) overlap to a varying degiee. 'fhe 
(•hangt*s in tlie organs ar(* first rev(*rsif>le and lat(‘r irrev(*rsihl«*. Karly tr(‘at- 
nn*rit with thiamint* prodiic<‘s rapid and eoinph'tt* recovery ; in chnmie cases 
|)rolong(*d tn*atnn*nt with vitamin-/^ coticentrates containing all memhers of 
the group product's \’(‘ry gradual and ])artia.l n'covery. 

{.‘V) CkUKHKAU RkIM HkUI {Wr.UMOKlo’S KXCKi'HALOeATH v).* This 
syndronn* is due to thiamim* lack princij>ally anecting the hrain esp(‘cially 
the grey matter round the third ventrich* : characteristically ]uemorrJiag(*s 
are I’omnl in tin* maniniillary bodies. .Among tin* British jjrisojnu’s in Singapore 
many cases occurn*d of which 52 were carefully studied. As might lx* (‘X]x‘ett*d, 
m'.aiiy (*v(*rv oin* of tliese patients also had signs of the ot In*!* forms of h(*ri-heri 
or other vitamin-d(*fi(‘i(‘ncies. The chief lindings in t his epidc'inic of 
c(*rel)ral heri-lu'ri w<‘re as follows : 

(i) (ifnrnil. There was loss of appetite, nausea, and vomiting ([>. J02h). 

(ii) lu/c ('hfiKf/rs, >.\vstagmus r(*gularly oecurnxi ; then* was unilat(‘ral 
or hilat(‘ra! fatigue or j>alsy of tin* external recti. Tin* patit'ut had dilliculty 
in reading : In* c()mj)!ained that “ (*V(*rything wavers on looking to the 
sid(* *' : in* might s(*e double. 

(iii) Mrhhd 17/a.>///(>•.—Tin* patients sulb'red from sleej)h‘ssin*ss and 
beeame anxious and depressed ; they might cry on being (jiu'stioned. Idn'v 
lost- contacd with tln*ir environnn'iit and seemed to live in a dream-like world. 
They d(‘scrilx*d their surroundings as somehow difb'rent : the lu’ightin'ss and 
acutein\ss of life seemed lost ; human v(uces appeared toneh'ss : restless 
snatches of dr(*ams se(*med to b(*come jiart of n'ality. Then* was loss of 
nn'inory for rec(*nt (.*vents ; in s(‘ven* cas(*s tin* preceding 2 d w(*(*ks bi'came 
blotted out. 

Owing to shortage of sup|)lies of thiamine only a few of the patients were 
tn*ated with thiainiin* alone ; most of the cases ha,d tt> lx* tn*ated with yeast 
extracts which contain all the members ()f the vitamin-/^ group. Those 
receiving injt^ctions of thiamine iji tin* early stages of the syndrome (corn- 
m(*ncing loss of memory) improvetl dramatically ((*f. j). 1030); within 12 24 
hours vomiting ceased and the a})petit<* returin'd ; the f)a.th*nt felt well, 
and Ix'came checutul, (a>-op(.*rativ(*, and voluf>le. ; he sh*j»t well ; the (*ye 
abnormalities began to clear up. In mon^ advainu'd easels n'covery was 
slower and incomplete and tin* prolonged treatment had to consist of giving 
yeast so that the (•vid(*nce for tin* exclusive idle of thiamim* in producing 
tin* improvenn'nt is incomph*te.^ 

^ (Ic WanleiHT and L(‘nno\, Lonret^ 11M7, i, 11. 

*• .\LcoiloiJ(j Xki.K oi’A'i'iiY. Ill clinmic alooholisin, pcriplx'ral nerve elianges an; 
eianinon, Ic'ading to distiirhani'es of inovenicnt and H(*tisation, mainly in tlx* lo\v(*r limbs. 
It is sugjrested tliat this “ polyneiirnpathy ” is not due to t he direid, toxiir art ion of 
aic^obol on the nervous system hut. to a relat(*d thiamine delieieney. (-hroiiie aleoholism 
d(‘pn\ssi.‘s tlie appetite and distii.'*hs gastro-iiitestinal activity, and so may l(‘ad to 
deiectivi^ intake? and absorption ot‘ the vitamin, (^linieal improvenx'iit i.s claimed to 
he pnxJneed by thiamine therajiy, hut some observers are not impn^ssed l>y the results 
obtained. 
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Pellagra.^ —This disease is eiuieinic in tlie xjuthern sljiles of tiu* U.S.A.. 
Italy, Huinania. and other oouiitries. The findings ar(‘ sinninarize^l helow. 

(J) ASTRO-INTESTINAL CuANOES.— Glossifis a.])pea.rs (iarly in tin* disease ; 
the tip and lateral margins of the tongue are red and swollen, and later 
penetrating ulcers develop. Similar changes take place in the rru)uth, gums 
and pharynx, and follow the same course. There is complaint of a burning 
sensation in the mouth, fXisophagus and stomach ; mucosal changes have 
been seen in the stomach with the gastroscope. Nausea, vomiting and 
diarrhena are frequent. The urethral and vaginal mucous membranes may 
sliow clianges similar to those ]>res(‘nt in the mouth. 

(2) Skin lesions may develop anywhere, usually on the dorsum of the 
hands and feet, axilla^, elbows, wrists, knees, beneath the breasts, and the 
perineum. The skin is first red and itchy ; later it becomes swollen and 
tense and vesicles develop ; finally desquamation takes place, the under¬ 
lying skin remaining abnormally thickened and pigmented. 

(3) Neiivoos Chan(;es. — Various forms of mental disordi.Ts occur, 
together with “ polyneuropathy/' i.e. synnnetrical bilateral involvement ol’ 
the nerve supply of the lower limbs. 

The following facts indicate that pellagra is a d(‘ficiency disease : 

(i) The diet used in {xdlagrous household.s generally consists l;i.rgely of 
maize, nnd is poor in meat. Kleven volunteers in a 31ississij»pi prisem woe 
given a ty])ical diet consisting of maize meal, whiti; wheat iloiir, potatoes, 
salt })ork, and syrup ; at the end of 0 months f> had developed pellagra. 

(ii) It has b(*en suggested that })ellagra is due to insafliciencf/ of jirotein 
or essent ial amino-acids. It is found, however, that large amounts of easeiTi 
—ii protein of high biological value—though retarding the onset of symptoms, 
do not prevent recurrences ; on the other hand, the administration of 15 g. 
of dried yeast daily (=7 g. of protein) is a very potent remedy and is (equivalent 
in curative value to 200 g. of lean meat (--^45 g. of protein). 

(iii) Human pellagra can be controlled—both prevented and cured--by 
modificatioiis of tine diet, e.y. by a generous allowance of lean nueat or yeast 
extract; so long as the diet is adhered to strictly, rmnissions (which otherwise 
are of fr(Mpieiit occurrenee) do not take place. 

(iv) Remarkable improvement is obtained by administration of nicotinic 
acid, or nicotinic acid amide or certain related substances (e.y. qainoUnic acid) 
by any route. Ju 21 72 hours the nidness and sw(‘lling of the tongue and 
mouth and the alimentary symptoms subside. The fiery skin lesions blanch 
in about 48 hours. Acute mental symptoms disappear ; a pathmt who was 
previously maniacal may become calm, and confused patients ch*ar. Tlie 
polyneuropatJiy, however, is iinreliev(*d by nicotinic acid but is bmicfitcd by 
thiamine. The r(.')le of maize in the production of pellagra, is jiot iimh'rstood ; 
it seems to aggravate in some way the harmful eflects of nicotinic acid 
deticiency. Maize may he harmful because it is delieicml in tryptophan or 
b(>cause it contains an antagonist to Jiicotinic acid. 

Among th(* British prisoiuu-s of war at Singapore. whos(» di(*t was deficient 
in the whol(‘ vitamin gioiip, tin* main ineideina* of pellagra occurn'd some 
months after the peak incidence of beri-beri (Fig. b51); the mucous incmbrain* 
and skin l(*sions of ]K*llagra appeared first and the ehaiiges in the nervous 
system dev(*lo])ed later. 

1 Elvehjorn, Phyniol. Rev,, 1940, 20, 249. 
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It sciciiis, therefore*, that the major sp(?eific signs of pellagra (gastro¬ 
intestinal, skin, and mental changes) are due to deficiency of nicotinic acid. 
In pellagrous areas many cases of psychosis (without other signs of pellagra) 
are the result of nicotinic acid deficiency and are rapidly reli(‘ved by this 
substance. In most clinical cases of pellagra the diet is deficient in many 
respects (calories, protein, calcium, iron, vitamin-i4 and the wdiole -B complex). 
Sf)ecific therapy is therefore not a substitute for a general correction of the diet. 

Attention has been repeati'dly drawn to the syntlu'sis of the vitnniin-/:^ 
gronj) by int(‘stinal biu'leria. An intert*sting ease has been re(rorde<l of an 
ill-nonrish(‘(l woman who deV(‘loped dysenl(‘ry which was treated w^ith 
siilphaguanidine (p. 1020). \ pellagrinous rash app(*are(l in three days w hich 

cleared up (in spite of coJitinueil admiinstration of siil|>hagininidim‘) by 
means of iMj<'ctioris of nic(»tinami(ie. 

Nicotinic acid has been employed in tlie treatment of other forms of 
f)sychosis, especially those occurring in old people ; ben(*ficial results are 
clainn'd. It should l)e reim*mb(*red, however, that nicotinic acid increases tin* 
cerebral blood flow' by 20‘b,) and may be ln*lt>ful in this non-sp(‘cifi(‘ 

maimer. 

Biotin Deficiency.^ (I) In fnnfnals marked symptoms can be produced 
by a diet rich in egg white : the mecdianism concern(*d is the inactivation of 
the biotin in the aiiiinars body l>y the of tin* egg white. In monkeys, 

biotin (b*fi(‘ieney eaust's thinning of tin* fur ainl loss of hair eoloiir : later a 
lieavy scaly (l(‘rinatitis dev(‘lo})s wdiicli covers the wlioh* ])ody, but is most 
marked on the face, arms, and lips. The condition (‘lears iij) wdien 20//g. of 
biotin are given daily. 

(2) A number of nthuf/rvrs were fed on a diet with a minimal biotin 
cont(*nt to which was a<ld(‘d 2(M) g. of egg wdiitt* daily. Fiin* svnlhuj of fhv skin 
appeared aftf*r four vve<'ks and cleareil up about a we(*k later. In the eighth 
week there w'as a marked greyish ]»allor of tin* skin and mueoiis membranes 
(which was out of pi’ojiortion to the slight amcmia w hieh d(‘.v(‘lo[)(*d), atrophy 
of the lingual pajiilhc and return of the dryness and d(*s(juamation of tin* 
skin. Synifitoms like those of thiamiin* deiieieney (p. 1020), progressively 
tleveloped from the fifth week, i.e. de[)ression, lassitude, muscle pains, hyjier- 
a*stln*sia, loss of af>pet it<‘, and nausea. Serum cholesterol w’as raised. Biotin 
excretion in the urine was lown*red from the normal (c./;. 20 bO/zg.) to 3 7 /^g. 
daily. Jngestion of 75 ‘3(M)//g. of biotin daily produced relief in a few" days 
w ith r(‘storation of the apjietio*, n*turii of the colour of the skin and mncoiis 
membranes to normal, and inereas<*d biotin excretion in tin* urine. 

Vitamin-r (Ascorbic Acid, Cevitamic Acid). - Souiuuos. The best 
.sources are : fresh fruits (in decreasing ord(*r) : blacik currant, stra wdicrry, 

orange, lemon, grapefruit, goosf*b(*rry ; there is little in pear, jiluin, grape 
or most varieties of aj)f)h* ; (ii) fresh veijetahles (in decreasing order) : brnssels 
sprouts, (jaiiliflower, cabbage, tomato, in^w potato. Vitamin-C is present 
in suuiU amounts in fresh milk (more especially human milk), and in 
raw nn*at juice ; pasteurized milk is nearly devoid of tin* vitamin. The 
vitamin-f' cont(*nt of fresh milk varie.s with the diet of the cow", being large 
in amount in summer, wdien tln^ animal is fed on gr(*enstul!s, and much less 
in wdnter. it is absent from dricnl seeds, but it is formed during the ])roeess 
of iieruiivatlou. 

’ Sydcnstrickcr ct al.. Science^ 1942, ,95, 176. 
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J)iS!TRn?UTT()N IN Animal Tissi'ES. Vitainiii-(’ cjin fx* (‘stim;jt»xl (jiiinitita- 
tivoly in animal tissues hy n metboil wbieli dc^ixunls on tlu' facf> tliat it 
decolorizes the dye 2 : r)-dicljloroj)li(*nol-indo()lienol. Usiiii^ this im'thod tin*, 
vitamin can be (lemoiistrat(*d in the adrenal cortex (|>. hH). the wall of th(‘ 
tin* l(‘ns, and the acjiK'ous and vitn'ous hnniours. The amount (*xcreted 
in the urine can also lx? readily det(*rmijied. 

pH()i*Kt!'j'iES. It is rapidly destroyed by Jieatinjjr at 100' (■ in the jires(*nce 
of oj'ijijen, especially in an alkaline mediiiFn, and by drying. It is ther(‘1bre 
absi'nt as a rule from dried, <‘anned or pres(*r\'ed foods luih'ss the proc(‘ss is 
carried out atHenthienUff. Diirinu the eookiim of veo(.(;itin* loss of 
can be minimized by aroii/lnf/ too much [u-eliminary shred<lin^. tt»o mucli 
cooking water, prolonged cookin^. and k(‘epin,u the v(*‘jietables warm for a 
Ion" tinn* or reheatijij". 

(hiEMis'rav. \’itamin-(' lias been isolated, and is synthesized on an 
industrial scab* l‘or thera jx'Utic use ; it is named (fscmhie arid (»r rt rilatnic 
arid. The formula is shown in Ki". f>b2. 

O^C , 

1 

HO C 

il 0 

HO - C i 


HO - C - 11 

I 

CH^OH 

Km. (m 2. Structure of VitMTuin-t'. 

Effects of Vitamin-C' Lack in Man. Experimental Scurvy. —The 

account which follows is based mainly on the ]>iom*er exp(*riinent of (handon ^ 
on himself and on a careful study of 2d British voluntfM*?’s.“ ’^I'ln* latter were 
maintained for a control period of (> weeks on a basal diet com])leleiv (h'void 
of vitaniin-f' (it. contained less than 1 in^;. daily) to which 70 m". ofW(*n* 
added daily. The subjects W(*re tlieii divided into three "i-oups : (i) on tin* 
basal diet only (10) : (ii) basal diet •* 10 ni", of -t’ daily (7) : (iii) basal diet 
-f-70 ni". of -(■ daily (‘1). (lrouf>s (ii) and (iii) remained perhx'tly tit and well. 
The detaih'd findings in t he com]»letely d(*prived British "rou]> and in (Vandon 
are consid(‘re<l below. 

Blood (hiANCiES (Fi". 053). The av(*ra"e normal \'itamin level in tin* 
fdasma is 0-55 m"./1(K) c.c. ; in the whiO* Idood cor])usch*s tin* average 
normal value is much higher, i.r. 16 m"./l(K) 

(i) On a vitamin-0 intake of 70 m". daily the blood lev(‘ls are unafl’ected. 

(ii) On tin* vitamin-free diet the vitamin-(- content fell in the plasma to a 
negligibly low level, i.e, under 0*05 mg./KK) c.c. after 5 weeks, and in the white 
corpuschis to under 1 mg./100 g. after 16 weeks. 

(iii) On a 10 mg. -C intake the plasma changes were the same as in (ii) 

^ ('ran(]t)n. Luiul, and Dill. AV/c ICnfj/. Mtii. ./., MMO. ,22-V, .*?’>!♦. 

- British Medical Research (luirieil Repnit, Lanai, I1)4S, i, 
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; llic coiiceiitnitioii in tiu* wliiU* (•()r|)ust*lt\s followtul th(‘ sunio course, 
Vuit tli(‘ final niinimal level was rallier tlian i!) (ii), i.c. about 2 ni^. 100 

Hrlatton Bktwkkn iinooh VitaminK- liKVF/n and (Clinical Statk. 

As syinptunis first a j)p(‘are<l afOu' about 5 months in the vitainin-lre(‘ ^roup, 
the int(‘rvals between llie virtual disappearance ot vitamin-^’ from the plasma, 
and white (‘ells and the app(‘ara]ic(‘ of symptoms \v('re r('sj)ectively 1-1 W(M'ks 
and l:\ (> AViM'ks. it should be noted that althouj^h vitamin r (lisaj>j)eared 
from tlie ]>lasma in tin* In me. intake ^roup, the subjects remained normal. 
Tin* A’irtiial disapptMraiici' of -(' from the phisuta thus does jfo/ necessarily 
indicate that scurvy is j)n‘sent. or imminent ; on tin* other band a })lasma, 
](*vel al)(^>ve 01 mu.. 100 c.c. definitely excludes the dia<»n(>sis of scurvy. TJie 
whit(‘ i‘ell -C cont(‘nt was sianificaiitly diff(‘r(*nt in the -(’-fre(‘ enuij) and that 
receiviuiz 10 nii*. of -C ; a whil(‘ c(*ll content laOow 2 me.. 100 e. (if con- 
tinned) supports a diagnosis of scurvy. 



Fio. <},"»*}. ('liaa,ij:cs in \’ifaarm-(' (Ascfjrliic Acid) coriceiitration in iMasjna and 
White ('or|iusclcs i7i Complete K\pcrim(‘iilal \’itairiin-r OclicicTJcv in .Man. 
(.After Ciandon d a/., Xnr I'J/uj. J. Mnl., 1‘Mn, 354.) 

Clinical CnA.\(;Ks, (1) JWyfiltrft FuK/ntys. - Mimy neeative findines 
must be (Mnj)hasiz«‘d. ^rin'n* was no decreas** i)i lh(‘ red c(‘ll or white cell 
c<mnt, ])lat(‘let count, or Inemo^dobin concentration ; vitamin-r lack tliendore 
has no adverse effect on rc‘d marrow activity (p. IIM). 'Phere wen* no general 
ca])illary changes : t in* resistanc(* of the skin (*apillaries and bh‘(*dine time 
(p. loS) wen* normal : then* was no nose-bleeding ; blood or red cells did 
not appear in the urine ; then* was no occult blood in tin* fa.‘C(‘s ; tin* micro¬ 
scopic appearanc«*s of the ca[»illari(\s in the nail bed and in tin* conjuntftixa 
w('re normal. Body w(*iglit was maintained and tin*!!* was no complaint of 
g(‘in*ral pains or weakn(*ss.* Resistance to irdection was not (h*creased. 

^ In ('riind(»M’s eMs<‘ the <liet was so unpalatable tl>at the food intake was low aixl then* 
was a loss of 25 lb. in weiLdit i?i Ii months ; his ph,v.si<-}d <'flieieney deteriorated and lie 
could <1(» as much as the average oeiogenariaii ; a five miinites’ walk was his ])eak endrt. 
Prol>al)lv th<*se eljanges w'(;re due to the prolonged period •)f gemTal underniitrition 
(ef. p. 1045). 
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(ii) Skin Changes. -Al'U^r \ 0 iiionllis tliort* was eiihir^ein(‘iit and k(n*atosis 
of tilt* hair follicles in the skin. These elianjjtt^s W(*r(* marked on the uj)per arms, 
hack, buttocks, back of thighs, ealvt*s and sinns. Microscopic examination 
show(*d that the follicles wen* plu^jj^etl with liornv mat(*rial in which the hair 
was coih‘d or looptul ; subs<*(jue!itly the local vessels l)(*c;iine conj^ested and 
h‘ak»‘d ; tin* follich's then betmut* red and Inemorrhagic. 

(o) (tinns. .-Aflt'r b montlis, ^iim clian^es develop(‘d re<^ularly, consisting 

of swt*llinji and tiny ha'iiiorrhajit's in tlie 1 (k)J»s of tin* interd(*ntal pa])ilhe. In 
two sul.>j<*ct.s who had sonn* initial gingivitis gross chaiiges t)cciirn‘d : the 
gums l)e.c,a,ine \'<‘ry swollen and pur[)lish ifi (‘olour ; later |)atches of necrosis 
a.ppear<*<l. 

( I) WouiHl Hcnlintj. Normal iiealing of a wouml (c.//. that prodiicetl i>y 
a deep skin incision) invol\(*s deveh»j)!n<*nt of wvw capillaries, proliferation 
<»f fibroblasts aiid tin* laying down ot* reticulin librt‘s followed later by the 
app(*ara,nce of collag(*n fibres. In sev(*re guinea-pig scurvy all tlu‘S(‘ phast^s of 
wound htading art* (h‘ficient. in (’ranthm, aftt‘r numths' deprivatioii of 
\ itainii]-f'. an <*xperiinental det‘p incision in tin* back healed rajiidly and 
c<jmpl(‘tely within 10 tlays. A similar incision performed after b immt-hs* 
dt‘privation showt*tl good union (»f the t*j>idermis aft(‘r 10 tlays. but th(*H‘ 
were no signs of ht*aling in the deep<*r parts of the wt>uiul which was filled 
with unoiganized blood clot; no ca[»illarv <ir fibroblastic proIilV*ration had 
taken plact* atid tln‘re was no laying down of rtdiculin or ct)llagen fibres 
(Kig. tibl). Thei'c were considerabh* varialituis in tin* ext<*nt of impairment id' 
wound li(*aling in diffei‘(*nt sul)jects. 'fhe teJisile strength of healt'd wound,', 
was lower t han normal. Scars of old wounds that hatl h(*a.ltal well in tdie early 
stages t>f vitamin ^’ deprivation l)ecame red or livitl vvlu‘n clinitad scurvy 
ap|)ea]‘ed. 

(b) Neuromuscular coordination was slightly im|»aire(l and fatigue set 
in slightly more I'cadily. 

(b) In three of the lO British volunt(*ers who were coiiipletely tleprivt'tl of 
vitamin-f' grave complications dev(*lopetl wdiich re(juirt‘tl imm<*tliat.e intensive 
vitamin-f- medication ; two developed signs of cardiac isclueinia, I.e. ]>ain in 
f ill* chest, dyspniea, and serious electrocardiographic changes ; one who may 
have iiad some initial affection of the spine developed changes in the vert(*br;e 
and a. tub(*rculous |)aravertebral abscess. 

There thus ap|)ear to be stages in the devt*lopin(*nt. of (‘X[)erim(*ntal 
scurvy : (i) an initial stagi* wdth changes in t.hc vitamin-C content of the 
blood and no clinical signs ; (ii) a stage of clinitral scurvy consisting of chang<*s 
in till* skin, gums, and im|)aired wound ht*aling ; (iii) a final stage w hen life 
may bi* in immediate danger. 

When 10 mg. of-C were administ(*red daily to experimental subjects wdth 
w'ell-d(*veloped scurv'y, the skin changes cleared up in J 2 months and the 
gums beeaine normal in 3 mofiths. When massive dost*s of -C wa*r(* given 
recovery was rapid. Thus the chest pain and ilyspiupa in the two siil>jects 
mentiojied above were relieved in 24 hours. (h*andon*s <*xj)erinient was 
ended by giving him KKK) mg. of vil.amin-(7 intravenously daily ; a wound 
inllict(‘.d on the final day of his treatment ])ecanie completely heal(*d in lo 
days ; the skin petechia* faded in a week and tlie skin w^as quite normal in 
three weeks. 

Rknal TiiRKsnoLi) FOR ViTAMiN-f7. When the |)lasma vitamin-C^ level 
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exceeds 0-85 ni"./100 c.c., the vit.-imin ap])enrs in (he urine. Tin*, presence 
of the vitamin in th(‘ urine is evidtmce that (lie siil>jeet is am])ly provided 
(“ saturated ”) with th(‘ vitamin. 

ViTAMiN-f’ Rkqitirkmkxts !\ Man.- -Tile (‘\p<*rini<‘nts recorded above 
show that in adults, 10 m^. of vitamin-t" daily an* i)ot,li compl(‘t<dy protective 
and curative, even over fieriods as h»n'^ as M inonlhs. To allow a margin ol 
safetv and to provide for individual variations a daily intaki* of ‘iO me. ot 
vitamin-r is probably desirable. 'I'hen* seems to be no clinically recognizable 
condition of sub-scurvy or pre-scurvy : pe(»ple without tlu* sjiecitic sijiiis and 
blood chanires of scurvy will not b(‘netit in any way by supphunentinu the 
vitamin-C content of th(‘ir <Iie<. 

Clinical Scurvy.- Scurvy occurs in 'ihfantu who have b(’en fed (*xclusively 



fro. fio-l.—Delayed Wound Healing in Exporirncaital Vitamin/’ Deficieney in !\r{in. 
(Crandon, bund and Dill, AV/r KtujL J. McfJ., 1(4(1, 2!^3.) 


A. aiul n. an- biopsy sj»(*c*imriis or skin. 

A. Wound ina«(f) aff<’r ti tuomUis’ vit.'imin-C di privjUioii ; iiofr aiist ucc ol' liciilini'. skin is miilcd 

fliiperlk’iJil>y, doqHT tissiio shows no limliiu' wh;d.<rv<‘i ; tin- I.muc was occimii'd i)y art 

iiriorKauizcd bloo<J cloT. 

n. Normal wound healing in saiiu- sul»jr« t aftrr lu intravt-nous vilainin-C llwraps. 


on sterilized food, the vitamin-C (*(»nteMt of whieh has thus fieen destroyed ; 
the characteTistic .syin])t;om.s are ha nmihaijes from various jiarts, and ana'inia. 
After beinp; fed for about (i months on the ri(*feetive fliel,, fretfulness and loss 
of appetite develop. Jlaunoj rluifres oeeiir (i) under the jieriusteum, r.g. at the 
lower end of the femur, giving rise to great pain, Dmderiu'ss, and refusal to 
use the limb ; (ii) from the gums if tin*, teeth have erupted ; (iii) from the 
kidney, intestine, and under the skin. There may be changes in the teeth 
themselves. The long lat(‘.nt period is noteworthy. 

In aduUs similar symptoms of scurvy devidop in peo])le like sailors or 
prisoners who have been deprived for a hmg time of fresh food. 

The clinical manifestations are thus far more severe than those observed 
in the controlled experiments. It must. ])e remembered, however, that 
clinically tin* vitamin deficieney })artic.ularly in adults may lie V(‘ry yrohnrfed, 
that multiple vitamin deficiencies may l)e jiresent which may jirecipitate, 
or aggravate the symptoms, and infections may develoj) which increase the. 
rate of disappoaranct^ of vitamin-r- from the body. 
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Moi)i<: OK A(’i’io\ OF ViTAMiN-C.—In (\xj)erimeiital vitamin-C doficiency 
tluire is failure of (Hut-jiin tissues to lay down and maintain normal inter- 
celhtlar (jroHnd sahsfancr (includinjj reticular and collagtm fibres). This 
partly accounts for t inr poor wound healing and the reduced tensile strength 
of wounds. Th(‘ hvmurrinnjvs are attributed to lack of cemi^nt sahsfancc in 
thv m/n'Uary liniiaj. Jii animals with advamred ex])erinH*ntal scurvy complex 
(changes occur in the hones, (‘sp(‘cially at. tlicir (‘uds ; the bone cells are not 
liuricd in a. firm matrix but an* found lying in a bhpiid material. The grave 
terminal chatig(‘s in exp(‘rim(*nt.al scurvy nHjuire sonu* other kind of 
(‘xplanation. 


PRINCIPLES OF DIETETICS i 

Essentials of a Diet. - An ad(‘(juate diet must have a calorie value 
sullicient to provide lor the re<piirements of the basal metabolism, the 
stimulating action of tin* focMlstuffs, loss in tin* fa*ces of energy-containing 
d(‘rivativ<*s (.>f tbe foodstuffs, and the in‘eds of varying degrees of muscular 
work, it must have ade(juate amounts of /trofein {essential amino-acids 
(j). 8«SI )), /(^//, carhohfidrate, tmte.r, and salts (nms) in suitable proportions, and 
an ample nfamu) content. In children adeijuate pr(»vision must be made for 
additional tissue formatioii ; the special r(*(pnrements of menstruation, 
jireqnanejj, lactation and illness must l»e taken into a(*c*ount. As the food has 
to be (*aten by discriminating human beings it must be well cooked, look 
attractive, taste nice, and he reasonably varicMl from day to day.- 

Energy Requirements. —A distinction must be drawn between the 
energy value of the food as purchased and of the food absorbed after digestion. 
A variable loss occurs during the preparation and cooking of the food ; a 
further small percentage escapes digestion and absorption and is eliminated 
in the feces, the loss being greater on a vegetable diet (because of its cellulose 
content (p. 8lb)) than on an animal diet. It is usual to deduct 10% from the 
theor(^tical calorit' value of the mixed diet to allow for these losses. Thus, a 
ration with a the(U'eti<'al yield of 1(KM) (\*d. w<uild only ju'ovide IHK) (bil. in 
the Ixxjy. 

(i) The basal energy re<piirem(mts (^an be calculated from the surface 
area.; in an ailult man it is It) (-al. per s<|. metre per hour; the average 
sinbuM’ area is I S metres; so the Imurly basal energy output is 72 Cal. 
(|». .‘)7S). During S hours of sleep at basal l(*vel the total energy output is 
r)7() Dal. 

(ii) During waking hours the taking of food stimulates metabolism by 
5-10%. During S hours of leisure the ordinary small activities of daily life 
increase metabolism by about 10 (\‘il. jxt hour. An hour's walk at 2J, 3|, and 
5} miles per hour respectively involves an extra output of 140, 240, and 
580 Cal. ; an hour's dancing is <*(pnvalent to 240 extra Cal. ; cycling, 175 Cal. ; 

• .lolliilr, ( 'aiiiuxi. and Ti.sdall, CUnicnl Autriiion, N. V., lUaU. J)aA’idKoii and AiiderHtm, 
7V'.r/ lioftl of Divtf'.tics, -Jini (*dn., Edinlnirgh, MM7. 

- “ Nutrition is the science of test-tubes, gastronomy is the art of taste buds” (Andi^ 
•Simon) (and, of course, of the olfactory nerve endings). 
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boxing, 800 Cal. The total calorie output in theses 8 hours of leisure might 
thus be : 


8 hours' basal (8 x 72) -^576 

Stimulating action of food =- 50 

7 hours’ small activities (7 x 40) - 280 

1 hour’s exercise ^ 240 

Total lUbC’al. 


(iii) The energy output during 8 hours of work varies enormously with th(* 
kind of work pi^rforrned. The calories expended per hour above l)asal for some 
occupations are as follows : typing, writing, 40 ; sewing, 40 ; dish washing, 
70 ; sweeping and cleaning, UK) ; laundry, 170 ; tailor, 80 ; carpenter, 150 : 
metal work, 180; blacksmith, 300; stonemason, 330; sawing wood, 400; 
coal mining (cutting), 120, timbering, 200. The 8 hours’ additional energy 
output can be classified thus : sedentary work, under 1(X) Cal. ; light work, 
4(X) 7(K) Cal. ; moderate work, 7(K)- IKK) Cal. ; h(‘avy work, 1100 C^al. r)r over 
Kven the most concentratiMl brain work cause's no fneasurabh* increase in 
energy outj)ut. 

The energy out]>ut for the 8-hour work period might be thus ; 

8 hours' basal (8x72) ="-57() 

Stimulating action of food = 50 

Energy value of work -400 up to 2000 (^al. or more. 

(iv) The total daily output for a snlfottarj/ worker (work expendit/Ure- oO 
Cal. per hour) might thus Uv. : 

8 hours of sleep . .57b 

7 hours of leisure -f 1 hour’s exercise 1146 

8 hours of work (626 [-(8x50) . 1026 

Total . . 27?8 (^il. 

Childrkx.- -The energy needs of ehildren are <liffieult to compute. Tin* 
}»asal metabolism is considerably greaO'r p(*r si|. metre of surface in children 
than in adults (p. 378). The extra energy de?iianded by i\w ffrotvfh proc(*sses 
is very small. Betweeii the ages of 11 and 16, both s(*xes |)ut on weight at 
the average rate of about -1 kg. a year, which is ecpiivah'nt to the negligible 
(juantity of 30 Cal. per day. 

It is still more difficult to compute the very variable' energy ()utj)ut due. 
to muscmlar activity in children. Probably any reduction of tlie food intake 
causes a diminution in activity, before it affe(*ts tlie processes of the body 
which are essential to health and growth. 

Standards of Calorie Requirements. —In view of the enormous 
practical imj)ortance of the subject, not only from the physiological but also 
from the social and political standpoint, the energy requirements as worked 
out by an expert Committee of the British Ministry of Health are quoted 
below'. They laid dowui that the average mlorir requirenmit of a. man damy 
light work is 3(K)0 CnL net {i.e, available after absorption), or 33(K) Cal. as 
bought. The av(*rage houscw'ife needs about 10‘X, less, i.c. 27(X) Cal. net; a 
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woman doiii^ ?nor(‘. activt* work needs as iriueli as the averag(* male. Tli(\se 
allowanees |)r()l>al)ly (*rr on tin* generous side. During the last war tin* 
average food intake in Britain was less than tht*se reeommendations. Men 
tioing hard work may need up to KXK) Cal. and more in approf)riate cas€*s. 
The needs of childn*!! are laid down as follows ; 


1 

Age . 

1-2 

2-3 

1 

3-6 i 

G-S 

S-10 

10-12 

12-14 

(-alorici 

1000 

1250 

16S0 ! 

1850 

; 2150 

2550 

2900 


Note that cliildren over \2 recpiire. as inueh food as adults. For girls 
between H and IS, 2S0() .‘i(KK) Cal. are advised ; b>r boys of the same age, 
5(K)() 3-l0() Cal., i.c. rather more than the re(juire!ne?its of an adult light 
worker. 

Results of Inadequate Caloric Intake. 1. Moderate Calorie 
Deficiency. The Carnegie Experiment. Tw(‘lve In^althy subjects whose 
normal food intake was (*(|uivaleiit to ‘iKK) (!al. per day were put on a diet 
containing oidy IbOO 1<S00 (\il. for 5 weeks ; the diet was ad(‘(juate in otlnu* 
respects. .During this p(‘riod they lost l()“o of their body weight. The food 
intake was th(*ai inen^ased to 11*70 (kl. daily ; on this diet the body weigiit 
remained a,[)j)roximat(dy stationary ov(*r a period of several months. The 
striking economy in food intake was a<*hieved, however, at thi^ cost of a 
considera])le deterioration in tlui general j)hysical and mental state. The 
su})j(‘(*ts felt W(‘ak and tired easily ; they wen* unable to work hard or for a 
long time ; sexual driv(‘ was (hH.*reased. Their listless depress(*d state led to 
a saving on the 500 Cal. usually needed for “ small activities *’ and exercise 
(}). 1013). Tin? chronic stat<‘. of underiiutrition decreased the basal metabolic 
rate as (‘xphiined on |). 378. As far as they could they reduced their em*rgy 
output further by doing less work. The energy intake provided no reserve 
f(U- the additional ret|uirements of fever or illness. Tlici final ])ictur(i was 
similar to that found among the ]HK)r in many backward countries. As their 
diet is inadequate thes(* ]K*ople are feeble and unabh* and unwilling to work 
hard ; th(*y have no drive or initiative. Owing to their depressed physical 
stale theii- [)roduc.tivity falls and in agricultural communities the food 
output declines. A vicious circle is thus established in which malnutrition 
leads to weak7i(\ss which in its turn aggravates the degree of malnutrition. 
Any illness which (lecreas(*s the energy intake or increases the energy loss 
may have serious coiis<*<pienees. 8u(di a population is unlikely to b(i capable 
of sustained vigorous ]>hvsical or moral resistance against an op})ressor. If 
exter nal aid were available to product*, an initial inifrrovernent in the nutritional 
state tilt* r(*sulting increast^ in sti'tmgth might so improve productivity that a 
satisfacUny diet might ultimately be made a\'ailable by the })eople\s ow'U 
(efforts. 

2. Severe Calorie Deficiency. The Minnesota Experiment. —The 

effects of rnoi-e severe and prolonged semi-starvation were studied by a group 
in the University of Minnesota.^ Thirty-two healthy young adults whose 

^ Keys el aL, Biology of llumau Starvation, Minnt'apolia, 1950. This monograph gives 
an encyolopiedic survey of the whole subject of undernutrition. 




104() THE MINNESOTA EXPEIMMENT 

a,verag(* control intake was (^al. were kept tor 24 weeks (m a die*! <»f 

1570 Cal. containinir approximately oO 55 oi‘ ] not (‘in, ‘iO 15 ol‘ fat and 
300 of carboLydrate ; as a n*sult tlu'v lost 25*‘,, of their original body woiglit. 
The intake of vitamins and of jnin(‘rals was ade(piate. 

Cknkral Chancjks. T}i(‘ wastin^j: atleetcd the fact* and tin* body alike : 
the emaciated featiin*s, the prolnidinu ribs, the iinprot(‘et(*d iseliial tul>erosities 
and the badly tittinir cloth(‘s and shot's made th(' subjects acutely aware of 
the dejrice of physical deterioration that had taken plac(‘. 'riit* skin bt'canu* 
roueh, thin and ])iiim(*nt('d ; it was i!«*nerally cold and slijihtiy cyanos('d. 
The hair ^rew mort* slowdy and fell out in larj^t* amounts: llit*. nails also ^n'w 
more slowly. (T^klema was common aft(*r the t wt'Iftli wct*k and was specially 
notict'able in tin* ankit's, knt't's and fact*. Cuts and wounds bled h'ss I’n'cly 
and healed more slowly. Toh'ianct* to h(*a1 was increas(‘d but tliat to cold 
was diminished. The subj(‘cts lik(‘d thi'ir food and drink to Ix^ served un¬ 
usually hot. They constaiitly complained of their cold hands and bx*! ; t'ven 
ill the hot summer tlu'V wore (‘Xtra clothes by day, and co\cred tlu'msc'lves 
with, many blankets at nijiht. Tlie blood pn'ssun* was unchani^ed but the 
resting pulse rate was v('ry low (35 per minute). Tlu'V complained of giddini'ss 
or momentary blackout on getting up from the silting or lying position ; 
actual fainting was rare. Tlu're was no impaiiinent of v isual acuity but many 
subjects complained of transi(*nt visual (listuibama^s such as inability to 
focus, eye-aches, and spots befon* the eyes, 'riu'ri* was a slight increase 
in auditory acuity ; it is iiiict'rtain whether tin* fnupK'nt com))laint that 
ordinary sounds and noist's wen^ disturbing and annoying was tin* n*sult of 
the “ improved " auditory s(‘nsitivity or was due to a state of " irritability." 
.Muscle cramps and niusch* soreiu'ss W(‘re common ; tin* (*xtr(‘jniti(*s often 
went “ to sleep.*’ Voluntary mov(*n)ent.s W(U(' notic(*ably slower : t in* 
subjects felt weak and tired easily ; they movi'd cautiously, climbing stairs 
OIK? step at a time. Coordination was disturbed : the men sonH't inu's trippi'd 
over the k(‘rb and bumped into objects which tlu'v iijt(*nd(*d to av oid. Therf* 
w'as a reduction in .s(*lf-initiat(*d, spontaiH'ous activities ; as starvation 
progressed, few(?r and fewer things stimulated the men to overt a(uion. They 
said that their increasing weakness, loss of ambition, narrowing of interests, 
depression, irritability and loss of libido madt* them le('l tlu'v were growing 
prematurely old. 

Quantitative Cii.anues. -Some (if the principal (juantitative changes 
observed are summariz(*d below ; in all cases th(‘ results (piotod are tin* m(*an 
values for the grouf) as a whole. 



Jontrol. 

After 24 
weeks" semi 

Calorie intake 

34bO 

starvation, 

1570 

Body weight (kg.) 

70 

52-5 

Body fat (kg.) (cakailated) 

U-S 

3-0 

Haimatocrit value (%) . 

dtrl 

35-6 

Haemoglobin (g -%) 

15-1 

11*7 

Total blood volume (c.c.) 

5850 

5350 

Total plasma volume (c.c.) 

3130 

3300 

Blood volume (c.c./kg.) . 

84 

101 
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A fter 24 


(■ontnd. 

W(‘ides' semi 



starvation. 

Plasma volume (e.e.. ku.) 

15 

til 

Tot-a,l plasma, protein (g.e.e.) 

t>-7 

(v() 

Plasma albumin (g. 1(K) (•.<•.) 

-i:f 


Plasma ('ijole,st(‘r(»l (mg. PMte.c.) 
Basal pulmonary v^mtihition 

I t*»b 

151 

(lifn\s 'min.) . 

l-s 

d-d 

\'ita.l capacity (litres) 

5-2 

4-P 

Ba.sal ( l.j consunijit ion (e.e. min.) 
Ba.sal 0._, eousnmj)t ion 

22S 

IdP 

(e.e./sij..M. inin.) 

122 

SI 

Basal pulse raU* (b(‘a.ts min.) 

55 

d5 

Systt»lie blood pn'.ssurr (nun. IJg.) 

loti 

PP 

Pnhsr pre.s.siiie (mm. 1 Ig.) 

51) 

dl 

height of Tj r'l’o • T. (mV,>; In) 

5-ti 

d-d 

lu'iglit of 11 in Lead I (mV < 10) 

0-7 

1-1 

h(‘ight (>1’ H in LeailJl (m\' X 10) 
Time for wliicli work test could 

ftp 

6-2 

be k<‘pf Uj) (seconds) 

212 

50 

StrcTigtli of hand grip (kg.) 

58 

12 

Back dyiiam(Mnett*r lest (kg.) 

15(1 

105 


Snjiu* of the n‘siilTs ;il>ove deserve, furtlier (‘oiisiderution. 

( I) BinUf Wvhflit. -The loss of hodv’ \v(*iirlit was masked to some extent })y 
rlie presence of (odema.. On ref(‘eilin^. an initial furllitT loss of weight might 
occur owing to loss oi' Iluid, 'Plie muscles wasted rapidly and the changes in 
tlie flaccid muscles (joiitrihutes markedly to the apath(*ti(r mask-likt^ (‘xpression 
of faniine N'icl ims. In some eases I he O'dcma gave the face a. bloated ex])ression 
with swollen eyelids ajid [»ulTy cheeks. 

(2) EmUicrinv iHlamls, Tln;re was marked at rophy of the thyroid, t‘vidence 
of dysfunction <»f the pituitary and clianges in thi* adrenals. 

(,‘i) hoihf Fluids. (Edrum. The uMleina was associated with a fall in the 
j)lasina j)rotein coma'iilialion and osmotic pressure, but it was not regularly 
related to the extent- of thc‘se plasma (‘haiiges (cf. p. 115). The total plasma 
volume was litth' altered, but was great ly iiKU^'ased r<‘lativa‘ to the naluced total 
body bulk ; then? was ])robaJ)iy a relative excess of bo<ly fluid ; the mechanism 
of this fluid retention is obscure, but then little is knowji about the factors 
whic.h normally regulate the total volume of body fluid. In spite of the 
(odema, polyuria wasoftima marked syinpromas.sociatt‘d with a correspondingly 
high fiui<l intake. 1’he fall in ha*mato(?rit vahn* and hannoglobin kjvel was due 
to decreased hannatopoiesis (cf. pp. It)3, 210). 

(4) (■ircidaliou. —The remarkable degree of bradycardia should be 
(Miiphasi/ed ; it may bt‘ due in part to the presence of thyroid deficiency. 
The p(‘riph(‘ral blood flow was reductrd and the venous pressure lowered ; the 
blood pressure was unchanged. 

(5) AnioJig the aUmndurtf synijd-oms were flatulence, colic and diarrhoea. 
Gastric tone and motility wnwe depressed. 
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(lj) Mvlaholic h*atr. T\w li.M.U. wjis minced wli.itevcr criknion was em¬ 
ployed ; tliere wasa decrease in the H.M.R. per kjz. of 20*!;,, per sq.m, of "J0%, 
ami [)er man of 40**,,. The fall in resting metaholism was due only in part to 
ti\e smaller mass of active tissue ; to some (‘xteut it may be due to tliyi’oid 
deficiency. The avera^^(* saving of energy ])roduced in this way was of the 
order of tiOO (*al. daily. 

(7) Nfya/lrr yifn>ffrn liahmcr. Ther(‘ was a consistent stat(‘ of Jici/ative 
nitroeon balance for the reasons explained on p. 001. The. relationship of 
calori(‘ intake to N balanc(‘ is w(‘ll shown in the Table below (after Boothby 
and Bernhardt). 


Food Intake. N it nnieH Chantje in 

Balance. Body U/. 


Period. 

Date. 

Calories. 

:V (.7.) 

.7. 

ky. 

1 

2nd Jm\e loth June 

S91 

9-1 

- ;i-4 

-2f» 

11 

Ibth June Lst July 

1290 

KM 

- -21 

- 0:1 

111 

2nd July J9th July 

1()2() 

ll*(i 

-1-2 

()'2 

IV 

21th July 12th Aug. 


i:)-2 

-[20 

J 2 vl 


(S) Sensation (tfJIanyer.-^n ])eopIe totally (hquived of fooil the ft‘(*linj.l 
of hunger disappears after a few days: in .semi-starved p(‘ojjle on tin* otlnu* 
hand the hunjior sensation la‘comes proeressivtdy accentuated, it is known 
that strone contractions of tin* (uiipty stomach ,iiiv(‘ rise to a sense of hun^nu* 
(hunger pains), but it is Jiot likely that hunger is always or generally |.)rodu.c(*d 
in this way. Thus these subjects often complained of hung(‘r immediatiely 
after a large im‘al and when gastric motility and tone wme d(‘pressed. The 
cause f)f i ln‘ hung(‘r sens(‘ is as obscure as that of thirst (cf. p. tiS). 

litniAruLiT.ATrox. -.4fterthe fast, tin* subj<‘<‘ts W(*re placed on progre.ssively 
larger diets until full recov<'rv occurnMl. Recovery from dizziness, a.|)athy 
and lethargy was raj)id ; tiredness, loss of sex drive, and weaku(‘ss inqu‘ov(‘d 
slowly. The (iMlema gradually di.sap[)(*ar(‘d though in some men then', was 
initially little change or even an increa.se in a'dema. (’ramps and vague 
aches and pains j>ersist(*d for .siurn* time. Some of th(^ men had new complaints 
such as flatulence, distension, and stomach-ache. Tho.se. subji'cts who gained 
most weight became concerned about their increasing sluggishness, general 
flal>biness, and the tendency for fat to accinnulate on tin* alxlomen and 
buttocks. At the end of three months ev('n the subjects on the highest calorie 
intake were still in a ]»oorer physical condition tlian in the control pt'riod. It 
was not until after an additional *6 months of ” normal living and super¬ 
normal eating” that the physical capacity a})proached pr(*.-ex}>crimental hovels. 

It lias ])een generally thought that [)a.tients su})je(.*ted to prolonged severe 
starvation cannot swallow', digest, or al).sorb simph' foods. During tin' Dutch 
post-war famine ela})orate [)ref)arations wc.'re mad(‘. to feed the ])atients by 
stomach tube or intravinously with jirotein hydrolysates and glucose 
solution.s. ExjK'ihuice show^ed that tho.se who W'ore too ill to take food by 
mouth died whatever w^as done to them ; but the others had a good a])pe.tite, 
(Mjuld take normal food almost from the first and w(;re able to digest and 
absorb it well if it was given in small quantities at frequent intervals. They 
tolerated separated milk and even large amounts of butt(^r-fat quite well. 

In clinical rehabilitation it is generally advisable to concentrate, on 
incH'asing the calorie intake by giving any foods immediately available. 
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vvhicli in Kiiropt* vv<‘r(‘ L'Tnins Mini l fdods also su)ij)lv addii ional 

and vitamins. 

Clinical Undernutrition. In ovrry ajjjo and in land jw-opK- 

have starved and tin* ?(‘(*(»rd <d‘ the *2tMli (•♦•ntnrv in this jesjMMt is as had as 
most. Iliinj^er is ^eiierallv dm* to iiiiioranef*. inistV)rl,mie i>v iiunian male\’- 
olenec ; of tin* last we liave «*X|»erieneed more than our lair sharr. 'rie* 
rtleets of undrriiut l it ion vary with its mitiin*. In the recent Kuropean 
taniim*s the main d(*fieieney was in ealories. as tlie wholemeal hr(‘ad and 
xei^etahles (‘at(‘n (espi‘(*ially potatoes) prev(‘nted serious protein or vit.amin 
delieieneies. Vitamin r(*<pii?*(‘mt‘nts (especially of the -1$ j^roup) are lower 
when tin* ('alorie intake is rerluced. In the Eastern famint's, of which the 
Simrapon* captivity is an excellent example, the (‘IVecls of vitamin dejiciency 
often predominated (p. 10‘il).* In clinical stmlies the immense importance 
of t he psycholoji’ieal <‘han_ees must he (‘inphasized ; the starved p(‘rson differs 
in rniml as \V(‘ll as in body from the well-nourished peison. 

Starvial |u*ople differ in the decree and kind of the undernutrition and in 
the e(f(‘cts of tin* associated hrutalities or <»ther complications. The results 
have j)(‘en n*vi(*w'ed at length in the mono*«:raph hy Keys and his ass(K‘ia.tes, 
Some r<‘cent clinical studies aw summarized h<dow'. 

(1) OnSKHV.ATIONS 0 \ IhllSONKItS OF WaU IN WoKtO \V\li If. 'File 
chani»<*s in t lie ha<lly fed soldier in the prison camp were as follows : “ First 
t here was the loss of tin* natural ieeliiie of W(dhl)(‘inii. A erowinii feelin.e of 
hune’<*r folhoved and uradtially iiicr<*as(‘d in intensity until, after about d 
w'e(‘ks, the whole thought of the jirisoner was conc(‘ntrated on his food.” This 
insistent feeling of hunger increas«‘d with time ; the hall-starved man w'ould 
leo to ureat h'lijuths (d‘ inmuiuity and dishonesty to obtain small amounts of 
extra uourishment. Oidy when death w'as imminetil did the desire for food 
slowly vanisli. 

“* 'I’he m‘xt notable abnormality was a pro^o'cssivi* mental and physi(‘al 
h‘tharey. 'Phe desire for sh‘ep in(‘r<‘ascd ; the munber of hours that an adult 
male w'ould w’ish to remain in bed, partly ilozin^ but for the most part in 
ijf(*nuin(* (h‘(*p sleep, st(‘adily rose from tin* normal S hours to ir» tu- mon* our 
of the *2-1. Finally, the only way to rouse a man from his bed was l>y the 
mention of food.” Shortly after tliis caim* rapid fatigue during nu'ntal or 
pliysical elldrt. The (‘X|H‘rieneed card-player, for instance, would forget the 
cards that had just been play(‘d. 

In the fully dev(*loped pii*tun* of semi-starvation t he slown(*ss of movem(‘nt 
wars notabh*. 'Tin* ^ait in walking was a shullle and su‘i^(*sted a slow-motion 
]>icture. S])e(M*h was slow, and obtainine; responses to (piestions wars tedious. 
Their sknv movements and delay(*d reaction times made thest* men es])ecially 
prom* to aecidents : ” Though they could see that a. fall of rock or branch 
of a tr(*(* was imminent, tln*ir actions wen* too slow to nn>ve out of danger.” 
Tin* desire for tobacco greatly incn'as»*d and st'cmed stronger than tin* desin* 
for food, sitna* men wouhi barter ev<*n the little food they had for a small 
amount of tobacco. Standards of cleanliness »let(*riorated drastically, and 
|)rid(^ in p(*rsonal a,pp(*arance was lost. Normal moral standards lost all 
influence on the behaviour of the starving men and t hey W’ould steal food from 

^ 'Flic results of lack of individual iliefarv eonstil uents. c.r/. iron, iotline, vitamins, are 
review’<*d in Ili(‘ appro])riate s(*eti(»ns in this hook. 

“ Leytini, Lanmlf IIUU, ii, 7^. 
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tluMr l>(\st frieuds or hjirtor their clothejs for lobacfo. None of the other 
har(hshi{x^ siith'red by li^htinj; ino]i observed ))y me [Leyton] brought about 
siudj ii rapid or complete dej;en(*ration of character as chronic, starvation.” 

(2) Tiik CiEUMAN ExtekminATJON (Iami'.s.^ Th(‘ psycliolof^ical atmos¬ 
phere of tile (5xt(!rmination camps is beyond our capacit.y for empathy. Tht‘ 
oilicial daily ration in the notorious Auschwitz (^amp was om^ litre of watery 
soup, 2r)() of bread and about 25 of margarine or sausajie or imitation 
honey, providin<jj an estimated maximum of l(HH) Cal. per day. The German 
camp (locators did not exjiect the inmates to survive much beyond f) months. 
The camps were grossly ov(‘rcrowded, with otH) to l(HM) p(‘ople herded to^i'ther 
in blocks of 1(H) f<*et liy 20 ft^et. Sanilarv facilities wm-e utterly inadiMpiate. 
Tht‘r(^ was a sh(U‘ta#>t‘ of water. Tin* inmati\‘< w(‘re infested with li(;e, and 
many had scabies. They w<‘re under cimstant threat of Ixmiio- subject(*d to 
the brutalities of the j^uards. Eut dominating all tin* thoughts and fears was 
the dread death by ^assiiiij or buniintf. The extermination verdict was entered in 
tin* canif) books under t/he euphemistic term of ‘ trailsf(‘r for special t reatment " 
(.‘b The Belsen C^wie, 11)45. -Helsen was a detention camp, not an 
extermination (‘amp, /.c. tin* jnisoners tluTc were allowed to di(‘ but were not 
usmdly killed. The diet was always inade(juat(‘, but in the winter of 11)4 I 45 
it b(‘came grossly thdicient. Jjipscomb- dt'scribiMl wfiat In* found wlnm the 
cam]) was tak(‘n over by the British Army in A|)ril 11)15. At this tinu* tin* 
cainp was estimat(‘d to contain about 50,(HX) p(‘ople. with soim* 1(),(HK) lyin^ 
dead in the huts and around the camp. ** Tin* most consfiicuous psycholo,uical 
abnormality was a degradation of moral standards characteriz(Hl by incn'asinj^ 
selfishiK'ss, and it was mon* or less profiortional to tin* decree of under- 
nutrition. In the first sta^e consideration for oth(‘rs was limitial to personal 
friends, then the (‘ircle contracted to child or panmt, and finally only the 
instinct to survive T<*main<*d. Emotional rt‘s])ons(‘ Ix'canie pro;j:rcssively 
lowered and consciousness of sex was lost. Evi'iitually all self-resp(‘ct dls- 
appeaivd and the only interest left Avas to obtain somethin^ which could be 
eaten, even human flesh. Even amon<r thos(* not <irossly undernourish<‘d 
there was a blunt(*d sensitivity to scene.s of crmdty and death.” 

Cases with imnital disorders were siirprisinjxly few in vi(‘w of the harrowing 
exp(U’iences, the physical sufferinj^, and the fear of hun<?er. torture, and death 
to which tin* internees wer<* expos(Ml.‘‘* 

* 'rile quotation isfn)ni tlie monograph hv Hiitnan Slurnitioti, 11)50. 

“ IJ|)scomh, Ldhcpt, J94r), ii, 

* Hut semi-starvation may ocr*ur cwen in Faigland. The following is an f.vtravt from 
Howard s description ((inoted from Keys* monograph) of Hie results of liungta’ in London 
rluring the wintcj- of JS,‘?7 -;tS when (iiM'inployinent was general. “ 4’he lirst indications 
of a d(*tieieney of foral ai" languor, exhaustion, and general deliility, with a distr(“ssing 
fiM'ling of faintness and sinking at the pra^eonlia, I’hilliness, vertigo, and a tendeiiey to 
syncope, unsteadiness of movements, tlie voice weak and tremulous. Mcmtal ])ovvers 
exhibit a languor and dullness proportionate to the degree of fihysic^al debility. The 
Kiiffert;!' is listless and depressed and often inaiiih^sts a rmnarkable apathy to his condition.” 
In more advane«‘d (uis('s “ the feeling of prostration becomes (piite overpowering, ami 
th(^ exhaustion and muscular weakne^ss so gre-at, that the ereet posture* can, with difti- 
(?ulty, he maintained. The depression of all the vital and mental jiow'^ers is fearfully 
augmented. Dizziness, transient dimness of vision, staggfTing, and syncope are eoiiimon 
and very apt to he prodinred by the er<^et fiostiin*. Notwithstanding g(‘neral languor, 
however, the patient sometimes manifexsts a highly nervous state ; he is startled liy any 
sudden voice and worried l»y inosi trilling oeeurrenees.” The findings are almost identical 
with those of the Minnesota experiment atul are evidence of the sev<;rity of the starvation. 
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1. Complete Starvation. Stn* OCX). 

Composition of Foodstuffs. —Before dealing with the proportion ot 
j)rotein, fat, and carbohydrate that should be employed, the composition of 
the common foodstuffs must be surveyed (see Tables, pp. 1051). 

Constitution of Normal Diet. —TJh* coustitiitiou of an average normal 
Ib’itisli diet is usually given as follows : l*roteiij, 100 g. (410 Cal.) ; fat, 
loo g. (tK50 Cal.); carboliydraO*, 40t)g. (1640Cal.). Total calories -about .‘:1000. 

1. Protein. - Protein is an indis]M*nsable c(»nstitueiit of the diet beeaust* 
it is the ofily source of the amltto-nrlfls including the rssr.HfIdl aiiiino-acids 
which cannot lx* syiith(‘siz<‘d in the body, (p. 881). Amiiueacids are n(‘ed(‘d 
to })nild up n(?w tissue* dnrina’ t he period of growtii or pr(*gnaiicy and to ])rovid(‘ 
the* milk prote‘ins during lae(atie>n. 4’he‘y an* ne*cessary to maintain the* 
sirnctnre of eivery tissue* ce*!! iiaduding its content of ])r()tein-containing 
e*nzyme* syste'ins ; to pre)vieh‘ the* raw materials for tin* manufacture of certain 
(*xte‘rnal secn*tioiis (dige*stive enzymes of alimentary canal) and internal 
se‘e*re*lions (c.r/. the)si‘ of the* ante‘rie)r pituitary, thyroid, adrenal medulla) : 
and to maintain the normal concentratie>ns of plasma |)roteins and lueino- 
glol)iii. As (‘X])laiiied on |). 879. there is jiorrnally a fl/fnfmri.c cgiulihrltUN 
h(*tweeii tlie amino-acids derived from the*, food and those derived from the* 
bre‘akdenvM of the* tissues, and also l)(‘twe(n the amino-acids deriveel from 
euM* tissue* and those* derive*<l fre»m another. But in the course of this e*nclli*ss 
flux se)nie* amino-acids are* bmkrn ihurn irmyrsihhf anel their nitrogen enFitent 
is e'xei(de*el in the urine* mainly as urea. The minimum )>rotein intake ijj 
the aelult must. e*ontaiij e*ne)ugh of me// essrufial anti no-acid to make goe^d tliis 
stt'ady le»ss. The* individttal pre>t.e*ins of animal tissues gene'rally closely 
resemble* tlmse* of human tissues in th(‘ir amino-acid composition ; tlu‘y can 
eonse'ejiicntly be e*mph)ye*el menc <‘e*e»ne)mically for rej>air ajid growth ; those 
witli siie*h a cennpejsitietn are* calle*el proteins of hif/It Itiolot/lcal ralac. The 
individual prote*ins of rn/c((fhlr fexids freejneiitly have a very eliffereuit type of 
amino-acid pattern and so canne)t lx* se) (H.*om)mically l>uilt up int-e) Iniman 
tissue's : such pre)te*ins are* saiei te) be e)f leiw biolejgical value. But it must 
be pe)inte*d emi that this dise*nssie)n is epiite academic ; we do not eat individual 
animal en* iiielividnal ve*ge*tab]e* proteins ; we vat food.sfaffs, r.i/. me*at, potato, 
bread, egg, milk, all e)f which (*e)nsist of a. mixtnrc of several proteins. The* 
impeirtant thing te) tinel out is what is the aiiiino-acid comj)osition and the 
biole)gical value* eif the* protein 'mixture in a si nple food staff’ or ine)re impentaiit 
still in the* tnixtarr <tf fmtdt^taffs foand in tnpical human diets (cf. Fiir. 5(i3, 
]). 881 ; Fig. 578, p. 90;t). 

4'here are twe) ways (apart from (diemical analysis) of testing tlie biologi(*al 
value e)f an inelivieiiial pre)tein : (i) to see whetlier it can inaintaiji satisfactory 
growth and he'alth when it is the sole source of protein su})j)lie(l: (ii) to 
eJe'termine the minimum amount of the protein which must be adde'd to a 
di('t aejee|nate in other resp(*e*ts to maintain nitrogenous (‘qnilibrium. Similar 
determinations can l)e carried out on a mixture of proteins, a foodstuff or a 
mixture* of foe)dstuffs. Using these criteria, C(>rtaiu isolated plant proteins, 
snedi as gliadin or Z(*in, are very inadequate ; the proteins of flour made 
from wheat endosperm are* not satisfactory (p. 1058); on the other 
hand, the mixed proteins of wheat or maize as found iu high extraction 
Hour, hy compensating for one another’s deticieiices or quantitative* j)eculiari- 
tie*s, maintain nitrogenous equilibrium at a fairly low level, partie*uhirly if 
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they are suf)j)lemeiite(l by small quantities of other proteins such as those of 
milk or imnit. In any mixed diet, even if wholly nj plant orujin, the proteins 
are snre to he snffifdenily varied to compensate for any individual inadequacies 
in aniino-aeid content, if only the total amount of protein is sufficient. The 
n'commendation for adults is that the protein intake sliould not lie less than 

1 ])er kg. body weight, some of it in the form of animal ]jrotein. Jn the 
British Rationing System a minimum intake of 30 g. of animal protein 
tlaily was guarantecMi. Pn^gnant and lactating vcomen ne(‘d more, e.y. 15 to 

2 g. |)er kg. of total ]rrot(‘iTj and (for safety) a larg(‘r amount of animal ])rotein 
(j). 1050). 

Nitrogeiunis exjuilibrium and unimpaired health and mental and jihysical 
vigour have l)een inaintained for many months on diets which contained 
no more than 30 -50 g. [)rotein daily. But the proteins were sp(*cially selected 
and were of liigh biological value and the exp(iriments were carried out on 
a, very small numlxT of subjects for too short a period. In some experiments 
nitrogenous ecpiilibriurn was maintained on 30 -40 g. of protein derived 
(‘xclusively from vegetable sources (cereals, potatoes, and other V(‘getables 
and fruit). To |>rovide a margin of safety a minimum of 80 y. of protein 
should be provi(l(‘d in tlie form of a varied diet. Bayliss said, “ Take care 
of the calories and the proteins will take care of tliemselves/' because if 
di<*taries are studied it is found that whim the calorie value of a mixed di(»t 
is adequate it generally contains 100 g. of protein or even mori‘.^ 

2. Fat.“ 'fhe amount of fat consumed varies with the country, economic 
status, occu|)ation, and tin* general circumstances. The maximum fat 
c<)nt(*nt of the really native diets in Japan before the st*cond world war was 
tliought to be about 30 g. which was then the European minimum. The 
amount of fat eaten incr(‘ases steadily with tin* imiome (in an un(;ontroll(*d 
economy) ; the Inter-Allied Food Commission adopted 57 g. daily as the 
minimum fat ration during the first world war. 

Exp(‘riments of short duration have been carried out in winch health and 
weight were maintained on diets of high total calorit* valin* containing as little 
as 10 14 g. of fat daily. Although the body can a(la])t itself to partial or 
even com[)lete dejnivation of fat for short [)eriods, d(‘leterious (*fi‘ects may 
become apparent after months or years. 

The significance of fat in the diet depends on sevc^ral bictors. Firstly, it 
is almost completely absorbed from tluj alimentary canal. The bulk of the 
food becomes of importance when the total energy requirements of the body 
are very large. Weight for weight, fat has double the calorie value of starch 
or sugar. Fat, in addition, is taken without admixture in a pure form, 

^ Proteins of Iiigli aiiii low biological value are sornelinies called “ first class '' and 
“ second class " proteins respectively. As the best known imlirittHfd- ])roteins of low 
biological value are dcuived from vt^getable foods there lias been a regrettable temleiiev 
to ecpjate the terms first " aiicl “ secMUid ” class generally witJi animal and v(‘getable 
proteins respeetivt'lv. Sueli misuse, of the terms sliould be strenuously avoided. Before 
vegetable proteins in general are dismissed as seeoinl class it should be remembered that 
many animals build iif» their iiiiiseles (/.e. meat) from the prottuns of t)ie liiimhle grass. 
Nebuehadnezzar lived for a time on gra.ss ami so it is claimed have exceptional individuals 
sine^^ his time. Many people who have been accustomed to a diet rich in animal food 
fo(‘l unhappy without it and their efboieiiey as workca-s may fall off as a result; but it i.s 
hard to ass(‘.ss the relative iinportam-e of physiological and psychological factors in such 
cases. 

“ Anderson ami W illiams, l*hysiut. Her., J7, 
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whereas the utlu'r iVaals are all mixed with a coiisiderabh^ proportion of water ; 
when starch is cooked it is swollen u]) with (iv(* to ten times its volume of 
water. As has been point(‘d out, the Swedish and American lumbermen and 
the Welsh miiu'rs obtain a large part of their huge calorie intake from fat. 
Carbohv«lrates are mon* subject tt» ferimmtativ<* eliangt's in the intestim', wit h 
the production of gas(‘s and general dis<‘onddrt. It is advisable that tin* 
normal diet of tiOOO Cal. slmuld contain at least 7o g. of fat (700 ('al.) ; t he fat 
content of the diet should always be raised wheit t luvre is a larg<‘ increase in 
the energv expcmditiire of the body, either in tiu' i'orm of work or because of 
exposure to cohl. 

Tlui animal fats an' t.lie most im])ortant sources of sonu' of th(‘ vitamins, 
l.e. -A and -D (pp. 1021, lt)U0). The vegetable fats are an equally ellective 
source of energy, but ani deficient in vitamins, ex(;ept -E (p. KKSf)). When 
butter is rationed it is essential from the point of view of the health of the 
community that margarine should have vitamins -A and -T) add(?d to make 
it e(]uival(‘nt to butti'r in its vitamin cont(‘nt. This has bc'cn cid'orced in 
Creat Britain. Adeqaatvlif riiaminized manfarim (madt* from vt'getabh' oils) 
is equal diet(‘tically in all respects to butt(‘r, and is generally much clu'aper. 

3. Carbohydrates furnish more than oO*;;, of the (‘lu'rgy content of 
most diets, and are a cheap and readily obtaimul food. If the amount of 
carbohydrate ingestt'd is greatly reduced in amount k(‘tosis may deV(‘lop 
(p. S75). As i)oth carbohydrate and fat serve chiefly as sources of energy, 
tlie.y can replace one another to a considerable extent, so long as pr(!(;autions 
are taken to ensure the minimum amounts of fat specifi(‘d above.* 

4. The mineral constituents of the human body amount to 4‘3-4-4‘Vo.- 

(i) The only salt commonly consunu'd as such is sodinni chloride'.: it is 
also ju'cscnt in small amounts in the foo«l, particularly in milk and in vege¬ 
tables. The minimum re(juireinent.s are 1 2 g. of Nad daily ; while cust.oin 
varies (•(iiisiderabjy, the uv<‘rag<‘ intake is about .S lO g. 1die ellects of XaCl 
deficiency an* considered on ]>. bl. 

(ii) U'b-l g. of ralrinm is needed daily ; the minimum iK'ci'Ssary for tlic 
maintcmarice of a calcium balance* is0't>3 g. of calcium p(‘r 70kg. of body weight. 
A sntlicient calcium supfily is very important, es|>(*eialiy in childreti, and is 
best obtained by the ingestion (d liberal quantities of milk and foitifi(‘d 
bread (cf. pj>. bH7 c/ seq.) 

(iii) 0*88 g. of phosiflififr is the minimum needl'd per 70 kg. body wiught, 
but there is no risk of phosj)horns shortagi* in a. diet yii'lding 3000 (’!al. daily 
iinh'ss large amounts of white flour are eonsunu'd as the principal C(*i(*al. 
(See |)j). lOttl fV mj. for main sources of phosphorus.) 

(iv) The daily intake of iron should not be less than 12 mg., an amount 
wdiieh should be increased in pregnancy and in lactation (cf. pp. 201, I (tot) <>/. 
scq.). The role of copper is considered on p. 213. 

(v) Iodine in minute traces is essential for the formation of thyroxine, 
the active principal of the thyroid gland. In districts in which the iodine 
supplies in the drinking w^ater are insufficient, simple goitre frequently 
develops. Tliis may be prevented, or the condition may be cured, by the 
use of iodized table salt, or by the deliberate addition of iodine to the water 
supply (p. b87). 

' i*V»r ri'lafiv<* valiir nf white ami liniwii sis^ar, .s«m* ('«»le, Hrit. nntL ii, 3U). 

“ iShohl, .Mineral Melahalism. Ariicriiaiu C'heini<ral iSneiely, M.KtU. 
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5. Vitamins.-- TIk^ detailed distribution ol‘ tlui vitamius is givt‘ii in the 
special sections devoted to theui (pp. 151, 1021, 1U2I, 105S, and 1()8()). 

For practical purposes the following generalizations serve as an adequatts guide 
during norinal peace-time conditions. Fresh fruit juices and green vegetables 
ensure an adequate supply of vitarnin-C. High (85^‘f,) (‘xtraction Hour go<^s 
a long way to })roviding all the ruiccissary vitamin-/^ coniplex. A plentiful 
supply of animal fats (milk and milk products, meat fal, and vitaminized 
margarine) and eggs gives all the necessary vitamin-/! and -I) for adults ; gretm 
vegetables and carrots are important sources of -A : in the ease of children. 
cod-liver oil or halibat-liver oil should be added as a su])f)lementary source <d' 
thes(! vitamins. V'itamin-^^ or ~K reqiiinmients need not b(‘ roTisidered ir) 
preparing dietaries. 

For role of extrinsic factor in blood formation se<* j). 200. 

Bread.’ As bread is the most important singh* constituemt of tlif* diet 
ii» many countries, its c(>mp(»sition <leserv(*s detailed <'onsi<h*ration. h’ig. boo 
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shows a. longitudinal and horizontal section through a. wheat grain : the 
main divisions of the grain are as follows : 

(i) Bran, consisting from without inwards of the outer and iniu‘r pericaj p 
and the t(?sta (these are fibrous and constitute by weight of the grain) 
and the aleurone layer (^% of total weight). 

(ii) Endosperm, divided into an outer layer (2%) and an inn(*.r part which 
constitutes of the grain-weiglit. 

(iii) Germ, divided into tln^ embryo (1*2'!/;,) and the scutellum (1*5*;,,). 

The composition of whole English wheat, and of the endospi'rni and germ. 

and of 85% and 75\*', extraction Hour, are shown in the Table on p. l05S. 

^ McCance, Luncet, l!tl(), i, 77. 
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NmOvs. -I. TIm* sii»ii niciiiis tn> 

L*. (■uriadiuu (Maiiitolta) <‘ouiuiiis ti—‘'i> <»f j>r<i(cio. 

ii. I’ln* altMM’ »!u* has tin* saiin* tMMUpu.sil ion as tla* n»il«*r cMilMsjMTin. 

•1. 'I'ljf iRM'iii is l ie}! ill vilaniiii-/:/’. 

Kkkk(’TS ok \ aiivino HxTiiAiTioN Hate. —(i) WIhmi wheat is milled 
varviii'i projMirtions of the ^raiu are retaimul. With extraetimi tlie 

entire oniin is ^roimd to Hour; with S5% (‘xtraetion most of tin* bran is 
rejeeti'd hut most of the ^erm is retained; with extraction all the 

bran and oerni is lost and the Hour is derived from th(‘ iniKU’ endos|>(‘rm alone. 

(ii) Seventy jier c(‘nt. (‘xtraction tlour is white, 80% is otf-white, 8r)<’;\ is 
a sha.d<‘ darker, 100",\ is brown. 

(iii) liran contains ‘20"/(, ajid the germ 4*5% of the total grain proteins. 
'I'h(‘ g(‘rm prot(‘ins are as valuable mitritionally as the [UoOdns of milk. Tin* 
proteins of tin? inn(*r endospeini constitute 75% of tin* total grain proteins 
but th(‘y contain a less wiill-baUiiiced and ineonj]>lete mixtur(‘ of amino- 
acids. Tin* hiijcd ])rot(?in.s of the wftolr grain havt* a Jiigh biological value* 
as the main endosperm d('ticieiicies are eonijicnsatiHl for by tlie proteins of 
bran and germ. 

(iv) The minerals ((.'a, lb, tin* vita.min-/y complex (aueurin, riboHavin, 
nicotinic acid) and vitamin-/: an* mainly concentrated in the firan and germ, 
as is the [ihytic acid (see Ifig. 

It is now possibh* to (R)nij>are the relative m(‘rits of dilTerent extraction 
rat(*s. Kighty-live ])(*r (H*.nt. Hour compared with 70% Hojir is slightly darker, 
keeps less well, and goes mouldy more readily ; its jdiytic acid content is 
higher leading to formation of insoluble (la pliytate and loss of food Ca : 
its fil)re eonttmt is liiglicr ; these are the disadvantage's. On th(* other hand 
Ho'b) Hour has a liigher cont(*nt of proteins of superior biological value and 
its content of (Vi, Fe, vitamiti-// complex, vitamin-/i’ (and pOvSsibly other 
unknown trace substances) is higher; to compensate for its phytic acid 
it contains mon* of tln^ eiizyrm*. jihyime. which hydrolyzes phytic acid while 
the dough is being made and rising ; the harmful eifeert of the phytic acid 
can be safely annulled by fortifying the Hour wdth added Ca in the fonii of 
CaCO^ ; the colour is a matter of conditioning (people can be persuaded 
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t,u lik(* wliat tJu*y lirilisli (‘X]u*.rts ii 

Ktiiiidiini flour produced sliould Ik* 8;’ 
not Im* allowod to n*v(‘rt to tin* pliysiolo 

Nutritional Needs of Pregnancy 
and Lactation. The IjocJv of a 
hahy (weighing 7 lbs.) at l)irth contains 
about 5U() g. of ftrotein, 30 g. of Ca, 
\4 g. of V, and 0-4. <jf F(; ; over two- 
tliirds of this is laid down in the last 
3 months and onti-third in the last 
month of pregnancy. Jji addition the 
mother lays down new protein in the 
growing uterus, breasts, and other 
tissues (perha])s another 500 g.). The 
basal metabolism of the mother at the 
end of firegnaney has inen*ast‘d by 25“-,, 
or by aboul 350 (\il. daily. Afl«‘r birtli 
the baby doubles in weight from 7 to 
M 11). at 3 months a.nd increases to 
21 Ib. at I y(*ar ; eaeh 711). r(*present,s 
an amount of new tissue* ecpial to that 
formed throughout pregnancy. KKJ c.c. 
of human milk contain 1-2 g. of protein 
ajid 0-03 g. of ca lcium, and yield 51 ( .'al. 
Al one mont h aft<‘r delivery tin* mother 
must supply the baby with 7 g. of pro¬ 
tein, 0-18 g. of Oa. {ind 300 (Jal. daily ; at 
() nu)ntlis these amounts have risen 
to 9-5 g. of j)rotein, 0-25 g. of Ca, and 
150 (5il. daily. The milk |»roteins 
(laetalbumin and easeinog(*u) have a 
sj)(*eiflc amino-acid constitution ami 
can oidy be formed if all the necessary 
amino-acids are suj)plied in the food in 
suflicieut amounts; tin* same, applies to 
t he in‘w tissues formed by Juother and 
child during ])regnaney. It is clear that 
the pregnant and lactating woman 


1 Jiutrition have strongly advised that 
% (‘xt raetion and that millers should 
gically inferior pre-wai- 70'!^ flour.^ 
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Kn;. Kffcirl of Kate of Kxtrai-tion on 

(\nnp(»silioii of KJ«mr. r.inadian and 
English t'lour ('uinpaiiai. (.Me(’ance, 
Jjunvpl., IlMf), i, 7!).) 


* Aoknk Poisomno. Klour is i-omnuaily bleached hy millers witli XCl., (the agene 
proeess) to improve its eoiour and baking quaiitii'.s. When biseiiits made from siiel) 
Hour forms tJie main eoiislitmait of llu^ diet of <iogs tliey develop “ eanine Ijysttrria ” : 
in a sev(Te attack the animal sits lirst in a s])hinx-Iike attitude; its head them starts 
j(Tking and the movements spread througlioui the l)ndy. AJext it starts running round 
its cage, som«‘times harking furiously and either clashes into the. walls witiiout apparently 
st'eing tiuun or attempts to jumj) up them. It may then stop running and stagger round 
as tliough in a drutd^t ii state and gradually na-over or else develop an epile^ptiform fit. 
lOxperirnents have shoM^n that agene interaeis with the prf)tein.s of tlonr (gliaden and 
glutelin) to form a toxic substjinee which is derived from methionine. 

Tin*, use ol’ agevne has lieeii banneil in the U.8.A. and Caiiada, Its placa* as an 
“ irnprover” is being tak(‘n by elilorine dioxide, which in coiieonlrations far greater than 
those used eoinmereialJv produces no harmful elVects in dogs or other animals. (Meilanby, 
Hrit. wvti. JU4t>, ii, 880 ; 1947, ii, 288.) 







1000 BRITISH RATIONINC; SYSTEM 

rnM»(is a sahstaiififdh/ increased profein intake^ a. considcjnible part of which 
should i)c »)f aiiinial origin. The recommendations are: for tlu* last 3 months 
of pre<!;naiicy a niininiiim of 1-5 of j)rotein per k^. (i.e. an extra 30 ^.) daily; 
during lactation t In* allowance should be hight*r, up to 2 g. of protein p<*r kg. 
The total calorie recpiireinents are also incn‘asi*d to tin* extent indicated. 

Calcium requirements are discussed on p. 1000, vitamin-/) on p. 1010 and 
iron on p. 20“). 

The vitamin content of mother's milk (and cow’s milk) depends on the 
maternal diet. A good specimen of human milk contains, per 100 c.c. : 
vitaTnin-.4, 300 i.u.; thiamine, 10 i.u.; -C, up to 6 mg. (three times that of 
cow’s milk); and -/), 10 i.u. It is advisable to supplement both the vitamin 
-C and -1) intake of the baby and the -1) intake of the moth(‘r (p. 1001). 

(jreat stress must be placed on the importance of milk as a “ 'protective 
food *’ especially for chUdren and expectant or nursing methers, who should 
drink at least 1 pint daily. It is the only naturally balanced food con¬ 
taining nearly 20 g. of first-class proteins per pint, minerals (especially 
calcium and phosphate), all the vitamins (especially -A and -/>), and fat. 

.Mellanby ^ has made the following reconimendations for a iliet during 
pregnancy : Milk, 1-2 pints ; green vegetables and an egg once or twice 
daily ; sea fish (for iodine content) every other day ; calf’s liver once weekly. 
If the diet is deficient it should be supplemented with 2 ounces of cod-liver 
oil daily. The rest of the diet can be within reason whatever the woman likes. 
It should never be forgotten that a pregnant woman has to provide in her 
diet for the full requirements of the growing foetus. The future of the child 
depends to a great extent on the adequacy or otherwise of the maternal diet during 
pregnancy and lactation, 

British Rationing System.^ —The British food rationing system whicdi 
w'as o])(*rated during and after the last war is a brilliant example of the 
application of our knowledge of the physiology of nutrition to the int(‘rtists 
of a community faced with food scarcity. Underlying the rationing syst(im 
there was also a moral ])rincipl(* which might well be adopted by all lavilized 
peophis : that every iiiember of the community must have enough Ixdore 
an voile may have more. The rationing system ensured that in spite of war¬ 
time scarcities the undijrprivileged 20% of the British people who before tlu* 
war did not get enough to eat wen? also properly fed. Particular attention 
was paid to the reijuirenumts of special classes like children, pregnant and 
lactating women, and heavy manual labourers. It is the view of the British 
Ministry of Health that “ the national provision of milk and vitamin sup})le~ 
ments to the jniority grou[)s has probably done more than any other single 
factor to promote the health of exf)ectant mothi;rs and young children during 
the war.'’ Between 1938 and 1947 the infant mortality rate per 1000 live 
births fell in England and Wales from 53 to 41 and in Scotland from 70 to 50 ; 
the corresponding figures for 1950 WM?re 30 and 39. 

The rationing system as it was enforced towards the end of tlie w'ar is 
<iescribed below in some detail. After the war,as food became more plentiful, an 
i ncreasing iium her of foodstuffs were freed from control. 1 n these unci*rtain times 
one never knows when the rationing system may have to lx? extendedoiH?e more. 

* The H.dvi(;e was given before the outbreak of the; si'eond world war; the advice is 
still g(*od if not always or everywhere pra<;tieablo. 

* Dniniinoiid, \utrifiminl lUtpnrvmpntH nf Man in Light of Wnr-time Lxpr.ritncCy 1017 
(Hoy. liiist. (JheiM. Jjecture). 
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In Hritiiin tin* foodstuffs were divided into : (i) nitiojied (tlie niaxiniiiin 
anK)nnts of wliicli wen* fixed ; (ii) rej^ulated (eontrolled hy more flexible 
ord(*rs) : (iii) pointed (to each of a number of foods was assigned a |>oint value, 
ami the total nundM‘r of points per bead fixed for a ^nv(‘n period); (iv) price fixed 
(as were(i), (ii), and (iii)); and(v) uncontrolled (boujrht by arrangement between 
buy(‘r and s(*ljer). A child over 5 years counted as an adult : younger children 
fj^ot smaller rations but were <rranted other privilege's. Food could, in addition, 
be obtained in schools, canteens, and restaurants without surrender of (‘oupons. 

HATI(n\i:i> AM) JiKCUJLATKO FooDK.—Tlio tabh' on p. I()()2 .s<*ts out full 
(hdails of the ItM I arranjienients for ratiomul and re^rulated foods. Thev 
])rovid(‘d daily about oO ji. of animal protein (which is probably an adiMpiate 
total intalvt' of first-class protein of hijih bioloj^ieal \alu(‘), tiO ir. (d* fat, half 
the lu'cessary calcium and vitamin-yl, and yi<‘ldcd nearly JO(M) ( al. ; t hcs(‘ 
foods are however almost devoid of iron and vitamin-f’, and an* very in- 
adcAjUate in thiamine and riboflavin (jonterit. The ]>rice of the rationed foods 
was ke])t very low by means of heavy subsidies. 

Food on Taunts.—T he point system is an in**;enious device for controlling? 
the distribution of certain classes of food which are available in insuflictent 
amounts. The classes of food so controlled were : (i) most canned fish and 
all canned meat; (ii) dried and canned peas ; beans and lentils ; (iii) sweet 
biscuits ; (vi) rice, sago, and tapioca ; (vii) syrup; (viii) canned fruit. 
A certain number of points were allotted per head per month. The pointed 
foods enabled certain inadequacies in the diet to be dealt with ; they provided 
a choice of animal proteins, concentrated vegetable proteins, certain vitamins 
and, what is perhaps equally important, they permitted of some vari(>ty in the 
diet. Each person could exercise his own discretion in the use of his points. 
By raising or lowering the jioint value of any article of food the demand could 
be adjusted to the supply available at the time without manipulating price?s 
and so hitting the fioorer consumer. An unpopular food ('onld be ke|)t at a 
low point, value! initially to encourage trial usage* : when a ])ublic taste for 
it had been establislu'd the point value could be raised. 

Supply of Calories. —About l(KK) Cal. daily were sup])lied by the rationed 
foods. The consiimjition of th(%se. and certain other foods was of necessity 
greatly reduct'd below ])re-war levels. 

The rationed food and the foods obtained on points provided in all about 
(^al., leaving ]7(K) Cal. still to be found to make u]) the necessary 30(K) Cal. 
daily ; these calories came predominantly from bread and flour and potatoes. 

Th(^ ])r<'-war consumption of bread and flour was flfl oz. per head fx'r week ; 
during the, war it rose to 72 oz. or more. Pre-war bread and flour sup|)li('d 
abt)ut 800 Cal. per day ; it now j)rovided about JKK) Cal. The prt^-war averagt* 
potato consum])tioTi was 0 oz. ]»er head per day, yielding 210 Cal. ; the war¬ 
time consumption rose by one-third to 12 oz., yieldiiig 280 (kd. 

The total daily calorie intake from the above-mentioned sources was about 
2;5(K) Cal. 


Rationed food 
Pointed foods 
Bread and flour 
Potatoes 


950 Ca,l 
2(X) „ 
9(K) „ 

280 „ 


Total 


2330 Cal. 
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NUTllTTFOXAL VALUE OF RATIONS 10G3 

As no Jillowanuu luis liuon inadu ahovu for misrollanuons ()iiru|ia8<*s of nii- 
ratioiKid food, vu^utablus, or uA'tra milk, it is [iroliaklu tJiat t liu iTMjuiruinunts 
of the sedentary worker were reasonably w(*ll eov^en*d. Tluavy mannal 
workers had to eat lar^tn’ amounts of bread and ])Olat(>(*s and weru in ditheulti(‘s 
as th(‘y were unable to ^et the extra fat ufion which they normally relif*d. 
(kinteens were establisluRl in eonneetion with most factories, which receiviMl 
additional supjilies f)f ratioiH‘d food ; special preference was ^iven to heavy 
workers who were thus uiven significantly larger rations. (fij(‘ap ealinu houses, 
so-called British Restaurants, and expensiv'e hotels, enabled thos(‘ who had 
the money, tiim*, or opportunity to obtain mtailsaway from ho!)n% and enabled 
larue additional sections of th(‘ pojiulalion to supplement their diet to a 
varial>l(‘ (‘xtent. The housewife who had to jjH h(‘r meals at honu' and 
often sacrificed iim- own rations to feed the rest of her fa milv and who w^as 
often tlie. hardest worked and most worried and frustrated member of tin* 
family was amonjz the juincipal sufferers. 

Pko^j'KJNS. The rat ions (pin* day) supfilied MO of animal ])rotein ; bread 
and }»otatoes pr(»vided about MO jjr. of vegetable protein. Tlnue was no 
diflicult.y in attaining or exc(‘eding the 70 g. minimum. 

Pat. Tiie rations suf»plied fio g. daily, so minimal needs Avere fully 
covered. 

Cakiioh YDiiA'i'M.— 'riie intak<* need oidy be considered from the standpoint 
of total calories. 

Vitamins and MiNiouAr.s.—Tlie key substances outsidi* the ratiomai and 
pointed foixls were Imaid, gnam vegiu.ables, carrots, and potatoes. 

Bread. .As exjdained on ]>. lOoS, Sb'b, extra(‘tion flour Nvas used with its 

better content of proteins, iron am! the vitamin-/:? group. Its cal(‘ium was 
less availabl<* for al)sorption owing to tin* largtM* ////////c arid conOmt of the 
flour winch h*a.ds to juecipitation of in.soluble non-absorbable Ca pJivtati? ; 
but as tin* Hour was fortified with (fit) g. of pf‘r lot) g. of flour) (which 

sjioils neither the taste nor tin* colour) the available (.^a of “ wheatnn'al " was 
incn*ase.d to SO mg. jier lOt) g. 

VrifrtabJrs.- T\\r consumjition of greim vegetables, potatoes and carrots 
incr(‘ased greatly, providing additional sii])plies of vita min-J and -C. 

Vitainia-A . J(KK) 2000 i.u. daily were .su|)j)lied by th(‘ rations. 250 g. of 
green vegetables give 2500 i.u. and 10 g. of carrots anotluT 100 i.u. The 
standard lOOO i.u. was easily covered. 

Thiamine. The rations sufiplied daily 150 i.u. ; 10 oz. daily of wheatmeal 
bread (say M(K) g.) contain 150 i.u. ; |)otatoes and vegetabh‘s at pre-war level 
yield 120 i.u. The minimum of KK) i.u. was thus easily exceeded. 

Brsl of -B Complcj'. Tin* low meat ration gr(‘a.tly reduci'd the riboflavin 
and nicotinic acid intake ; this was comp(msated to some extent by the wheat- 
meal br(‘a,d ; there was also a gain in riboflavin from the raised consum])tion 
of vegetal lies. 

Vitamin-C. rationed foods wa^n* devoid of-/■. Pre-war, the average 

intake was fiO mg. daily provided mainly in equal thirds by potato(‘s, fruif;, 
and gr(M*n vegetables ; the absence of fruit was compensated for to some 
extent by the increased intake of green vegetables. Probablv MO mg. of 
vitamin-(' daily are adequate for normal health (p. 1042). 

Vilmnin-I ),—Some additional -D was provided by the pointed (and also 
the uncontrolled) fat fish ; e,g, 2 lb. of herring per month (=^12 points) gave an 
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pxtrn ISI) i.ii. of 1 ) |M‘r day and thus niado up (with SO i.ii. in Ihr rationoil 
fnod) tin* - 1 ) nonds. 

Calrltun. Tin* rationed foods p?’<>\ i(h*d O-o ; ‘JOO lj. of “ wheatineal *' 
<‘ontain 0 ’2'> of available ealeiuin : the luininnd n<'(‘ds were thus covered. 

Iron. Tile iron intake was j)ossil)ly delieient for wonH*n dnrine tin* 
n'produetive ])eriod ; any shortuee e()uld easily ami eh(*a])ly lx* niadt* uood by 
takin<; inedieinal iron salts.^ 

Ra^i'Ions Kon ScKtUAL (iKot^ns. “duniors * (a-i!ed b |(> years) r<*e(‘iv(‘d 
the full adult rations and a priority supply of milk (‘ii jiints weekly). As 
about i pint of milk daily was also suppli(*d free at s(*hool, tin* total milk, 
available was b pints weekly, (loofi cheap dinners W(‘r(* atid are provuh'd in 
an inen'asinu number of schools. (Tildren under b yejirs of auc also r('e(*iv(‘d 
adult rati(»ns (only a half-ration of meat and no t(*a), 7 pints of milk weekly 
at l(‘ss than oiu*-tliird the current priet's, extra ee^s, and (‘xtra orani»(* juice 
and eod-li\t*r oil. l*ren?)ant and laeiatine wom(*n received th(*ir adult ration 
and la (idflilloH thv rftflatfs alhtfftul io a ffniunj ritihl. Th(‘y thus rt'ceived, 
generally speaking, doubk* rations (<*xeept meat and tea), 7 j)inls of milk, 
and some (‘‘Jigs above the adult ration. Pregnant and laetating women 
also received extra orange juice and vitamins--4 and -D in cod-liver oil 
or in tablet form (each tablet contained 4tX)0 i.u. of vitamiri-x4, 800 i.u. of 
vitamin-Z), 250 mg. of calcium phosphate and 0*13 g. of potassium iodide). 

^ Suggestions were made during the last war to add iron salts to the flour, which was 
already being fortified with c?halk. But fears that the resulting broad might be called 
ferro-concrete prevented the adoption of this otherwise? (nutritionally) admiralvlo proposal. 
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REPRODUCTION AND ITS ENDOCRINE CONTROL 

iSTKUCTUIIK AND KUXDTIONS OK THE OVAliV^ 

The Ovarian Cycle (Ki^. (^> 1 ). (1) Primordial Kollioi.ks. Duriiiji 

fceta! life tlie surfjice of t in* ovRiy is covered by ii layer ol'small enbical cells, 
the (fenni)i(il cpdhelium. These* cells multiply rikI iirow down into tlie 
substance of the ovary ; some ceils enlarge and dihereoliate to become ova., 
and IxHiome surrounded by a single layer of cells forming the. inemhrana 
granulosa ; each ovum, plus its surrounding membrana granidosa, is called 
a primordial follicle. It is asserted that the ovary of a newborn baby girl 
may contain 30,000-300,000 ova. It is uncertain Nvhether fresh ova are 
budded off from the surface epithelium after birth. Before puberty man}^ of 
the primordial follicles enlarge because of proliferation of the surrounding 
granulosa cells ; but the whole structure subsequently degenerates, dies, and 
is absorbed by phagocytic cells. (This process is called follicular atresia). 


RETROGRESSING GROWING 

CORPUS LUTEUM FOLLICLE 



Km. 057.-- Strucllire of the Ovary. (Porjicr, Physiol. Per.. lO.'iS, 7,S’, 150.) 


* Marshall, PhysiolxKjy of Prproduefion, Ix)iidoii, iind cdii., 1922. Parkes, Internal 
Secretions of Ovary. London, 1929. liolwoTi, Hccent Advances in Sc.r Physiology. Lcaidon, 
.‘Jrd cdn., 1917. Alh'fi (t‘ditor). Sex and Internal ASecretions. Jhdtiinorc, 2nd odii., J9.‘I9. 
l?iniMi.s a.n<l Thiinann, The Honnonvs. N.V., J948, / ; 1950, 2. Syniposiimi, “ Physio- 
lo^i(^al and Ps\(diological 1’actors in Sox lltdmvicMir*,” Ann. S'.X. Ac/id. tSci., 1917, 17. 
0O:i-()04. 
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OVARIAN ( Y( I.K 


At the ovary eontains tens or hundreds of thousands of those 

iiuniatiire ])niin)rdial follicles ; of these only a few hundred will mature 
and eive rise to the ova which are discharged from the ovary monthly during 
thirty or more years of active reproductive lift* ; there has thus Ixm'ii a vast 
overproduction of ova in relation to adult Jieeds. 

(2) (rUAAFiAN Koiaact.KS. At puberty full follicular growth sets in. 
Towards the (‘iid of a mt'nstrual j>eriod one primordial follicle raf)idly develops. 
The ovum eidarges and becomes surrounded by a thick tough membrant?, tin* 
zona ])clh((‘l<lft ; tin* granulosa proliferat(‘s to form many layers of small cells. 
Fluid then appt'ars in tht'st* et‘lls, lirst as droj)lets, which coalesce to form a 
cavity containing tin* li(fuor folUcidi. The litjuor separates the granulosa, 
into two layers : (i) a thin layer which lines th(‘ inner suiTact* of the follich^ ; 
(ii) cells which surround the ovum and which form a mass (anHulHs, (fiscus 
pwhc/erfis) at one ]K>le tlius attaching tin* ovum to the margiFi of the follicle. 
The nn‘S('nchyme external to the Graafian follicle dillereiitiates to form a 
thin iheca interna (of small de(*ply staining (‘clls) su])])orted by an out(u- 
vascular layer. 

(3) Ovulation. - More Huid exudes into tin*, follicle, and tin* pressun* 
within it rises. The ovarian substance wdiich separates it from the surlac<* 
necroses and gives way, and the follicde ruptures. This process is known as 
ovalafioH. The ovum is loos(‘m*d, floats freely in the liquor, escapes into the 
peritoneum and (‘liters tin* Fallopian tula*. Ovulation usually occurs between 
the thirteenth to seventeenth day aftiu* tin* lirst day of tin* menstrual period 
in wonn*n but may occur earlier or later. This has been shown bv direct 
inspection (»f the ovaries at op(‘ration and by the recovery of ova fnun tin* 
Fallopian tubes. Ily the time of ovulation the ovum has undergone its 
redartion division which halves its chromosome number. 

Time of Oralaliun.. An accurate knowledge of t-ln* tinn* of ovulation in 
women is injt of academic inteicst only. Jt is not known for c(*rtain in»w 
long an ovum surviv(5S afti-r dis(*iiarg(r from the ovary or how long the sp(‘rms 
can live after In'ing introduced into tin? vagina ; tin? evidence sugg(*sts 
that in neitln*r cast* are they functionally active after an interval td' s(*veral 
days. For pregnancy to occur it is therefore in‘C(?ssary that coitus should 
take place within it few days <*itln*r sidt*. of ovulation, which is pr(*sumablv 
the time of maximum fertility. Coitus at otln*r times would tend t,o be st(*rile, 
and it is suggested that the rest of tin* menstrual cycle constitul.f*s a more or 
less “ safe p(*riod," i.e. pr(*gnancy is urdikely to o(?cur even if no other methods 
of ■' birth (control ” are employed. This metlnxl will, howev(‘r, fail in its 
]>urpos(i if ovula tion in any month is prematun* or dela.V(*d, and sucli varia tions 
occur frecjuently. Tln‘rt* is evi(h*nc(* that ovulation liiay oc.cur (?ven during 
the latter part of the menstrual period. 

Fallo/yian Tuhe. 'V\\v ovum is waft(*d along the Fallo|)ian tube towards 
the uterine cavity |)art ly by tin* lining ciliated e|>ithelium (which is tallest at 
the time of ovulation) and partly ))y contraction of the mus(?ular wall. 'Phis 
traTisf(*r of tin* ovum from ovary to tube is much facilitated by the slow' sweep¬ 
ing movements of tin? infundibulum ov(?r the surface of the ovary ; these are 
greatest in this ])hase of tfio cycle. The activity of the tube is influenced 
by hormones; its motility is increased by cestradiol and depressed by 
progesterone. 

(4) Corpus Luteum.™ At ovulation the lining membrane of the follicle 
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collapHos inU) a foldtMl !av«.*r. 'Pin* blood v<».s.seis of the summndiii^ vascular 
layer leak aud blood extravasates into the cavity of the follicle a nd (*(»a^ula.tes, 
foniiing the corpus hwmorrhufpcmn. The menibrana granulosa j)roliferates 
and dilTerejitiates to give rise to large pointed (‘pithelial cells containing large 
nuclei and yellow pignnnit (lutein). These cells, accompanied by small blood 
vessels and tliecal connective* tissue eleimmts grow into and re])lave the 
blood clot, forming tiie corpus luieum. it matures at al>out the iiinele(*nth day, 
and if })regnancy does not occur it persists till just b(‘rore the ons(*t of the 
next menstrual period, when it begins to d(*geiierate. i)eg(‘m*ration is com- 
ph^ted during tin* menstrual ]»eriod : the connective tissue cecils forjn collag(*n 
fibres which obliterate the l)Iood vessels ; the corpus luteuni loses its pigment, 
shrinkvS, and is linally refilaced by an avascular s(?ar. The duration of activity 
of the corpus luteum of in(‘iistruation is fairly constantly 12 11 days, unlike 
the ])eriod of follicular growth and ovulation which is (‘xtn‘mely variable. 
If pregnancy occurs the corpus luteum cojitinues to grow for s(*v(‘ral months, 
attains a large size aiul begins to degenerate at abt>ut the sixth inontb. 

Tin* control of the ovarian cycle by the anterior |)ituitary (fonadotrophins^ 
i.e. follicle-stimulating hormone (FSll), luteinizing hormone (LH), and 
prolactin (luteotrof)iiin) is considen*d on p. 10S3. 

Intkhstitial Cells. -Tljcre are none in the adult human ovary. When 
well developed, c.//. in the rabbit, they consist of typical epithelial cells, 
without ducts, ainl with an a.bui\dant blood suj)ply. Tin* cells are polylu^dral 
in sha.j)e, and contain iiunnu’ous granules, chiefly of a lipide nature, wdiich may 
represent their secnitorv product. They are not found at all in about half the 
species which have b(»eii (*xamined. Little is known about th(‘ir functions 
(cf. p. 1104). 

Tlic changes in the ovary at the tuenopausc are described on p. lOGH. 

Functions of the Ovary, —lu addition to its esscmtial function of 
discharging om (|). lOGt)), tin* ovary s(*cret(*s two liormones : (i) an wstrus- 
producing (wstrogcnic) substama* called wsirudiol, formed f)erha|)S by tin* 
follicular tissue ; (ii) progesterone formed by the cor))us luteum. By means 
of these two liormones the ovary rt*gulates the a(*tivities and nutrition of 
the rest of the reproductive organs. !t is res]>onsible for the following 
changes ; 

(i) The growtli and development of the uterus. Fallopian lubes, and vagina 
at puberty. 

(ii) The wslrus cycle in lower mammals (p. 1074) and the changt*s of the 
mcHsirual cycle in wonn*n (aiuj a]»es and monkeys). 

(iii) The appearance and, in some cases, the ])ersistenc(i of the secondary 
sexual characters, 

(iv) Certain of the bodily changes that take place during pregnancy, 
especially the embedding of the ovum in the uterus and the development of 
the placenta. 

(v) Some of the changes wdiicli take place in the mammary glands 

Puberty. -This is the period during which the ovary and the accessory 
reproductive organs (e,g. uterus, vagina, breasts) begin to grow^ and develop, 
and secondary sexual characters begin to appear. These processes begin at 
the age of 10“14 years. Puberty is regarded as ending with the occurrence 
of the first menstrual period, usually at 13-15 years, the range being 10-15 
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vt'sirs. T1 h‘ ninin cljjinm's that: takt^ |>lai*i* at. puberty are suiuinariz(Ml below. 

(1) (V)mpl(‘t(* ovarian cycles occur cliaracterizcal l)y ovulation and eorjais 
liitiMini formation. 'PIk' onset, and recurnmcc of iIh‘ ovarian cycle is due to 
the action of t ln‘ </onadotrophic hormones of the anterior f)ituitary which 
bcijin to be secr<*tcd at this time. The factors initiatin.ii anterior [lituitary 
activity are unknown. 

(ii) Th(‘ uterus and va^tina ^udar^e : the growth curve of tin* reproductive 

j)r<ians is shown in Fi;i. I). 'Plie. muscle libnvs of th(‘ uterus incn*ase in 

number and size ; tin* mucous mcmbrafie thickens and th(> eland alv(‘o]i 
l>ecome laru(‘r. Tlu' juibertid chanees in the uterus and vaeina. can lx* 
produced e\p(*rimenlally in immature animals l>y injection of oestroeens. 

(iii) Tin* breasts be^dn to app(‘ar as a result of outgrowths of ducts from 
tlie nij)|»le area, anti an incn*as(‘ in the amount of fat, connectivt* tissue and 
blotKl ve.ssels. »Such chanues as oetnr befort* tin* onset of ovulation are due 
entirely to (estrogen; durnig adoh*.s(‘eiU‘e, owing to the action of both 
(Pstrog(‘n and juogt'stin, glandular alveoli a|)jx‘ar and progressively incn'ase 
in size and numbers with each ovarian cycle (cf. p. 1()‘.>2). 

(iv) The secondary sexual characters develop ; thesti include the female 
distribution of lat, giving the characteristic curves to the body, and the 
appearance of hair in the axilla and on the pubes (in the latter region the 
upper hair margin is concave upwards). 

(v) Important psychological changes take place as the girl matures 
mentally and emotionally through adolescence to young womanhood. 

Extirpation of Ovary. - (1) Before Puberty.— Little is known about 
the results of extirpation of the ovary before puberty in girls. Probably 
puberty does not set in, tiu* menstrual flow does not a]jpear, and the secondary 
sex characters do not develop. It is obvious that the pr(*sence of the ovary 
is essential for the onset of [uibertv, though indimih/ the anterior j)ituitary 
is the dominant flictor (p. 1083). 

(2) In a r)i LTS. - Following extirpation of the ovary in adults, then* is 
atrophy of the whoh* genital a})parat.us tlie ut(‘riis, tin* vagina, and the 
ext(*riial genital structures. Menstruatitm e(*a.s(*s p(*rmanently. VasoTnotor 
changes are common, ejj, flushing (»f the skin (d th(* face, m*ck, and upper 
cluvst (“ hot lluslu's ”), sw(*a,ting and a feeling of siifl’o(*ation. The eflects 
on the. breasts are variable : t hey may in(*reas(* in hi/a*, owing to local accumu¬ 
lation (d‘ fat, or tlu‘y may shrink Ixx-aiisc the glandular tissue atrophies. 
()besity develops froiu dilTuse deposition of fat. CV)nflicting reports are given 
concerning tlie (*fl'(*ct on sexual desire, but it is often unaflect(*d ; thus in 
wtiinen a.s in Jiieii, thougli sexual desire is niodifi(*d hy sex h()rmon(\s it niay 
in large measure, lx*. indep(*n(h‘nt of tiuuu and be (letermined by nervous 
(i.f\ (‘motional and mental) factors. It is also ({uite fxTtain that sexual d(\sire 
niav persist., sonu^tinurs to a luaghUmed degret*, in women aft(‘r ovarian 
atrophy at the menopause, f^omplete ovari(H*tomy may nisult in consideralih* 
(‘motional disturbance, varying from a certain amount of irritalulity or 
depression to a condition c,los(‘ly allitMl to insanity ((‘f. the results of castration 
in t li(^ male, p. 11()8), 

Menopause. - The menojranse (climacteric) is tlie [x*ri(xl of life wh(*n 
nuMistruation naturally e("ast‘H and other phenomena identical with those 
just described make their apfx»araiK*(*. Jt usually oceairs between the ages 
of forty-five and fifty, althougli it may set in earlier or later. The condition 
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is jissociiiltMl wifli ?M;irk<wl in tlio nvfirins : tln‘V Iwconif* srii;i)l(T, tin* 

(Jnuifinn lolliclcs dis.-ipju'nr ;in<l an* raplacod hy fibrous tissiK* ; o\a. forjxu;! 
Iiiic.’j, .‘ind int»*rn;tl sf‘cn‘lions of tin* ovary ;in* no lon^rr rormod. Tliosr 
ovarinii (•lian»i<‘s am not <lun to lack o1‘an1<*rior |Mtuitary lioniionf*s, hut to a 
" senile " elianee * in the ovary itself which no longer reii<-ts !•» the Inarnones 
which nornially sti!rmlat(‘ it. 

Ontrinn (tnfffs. When the ovaries an* 4 »^rarr<*d inl.o o\ ar ieetoniized 
women, th(‘V may fmn'tion for a time, usually ior al)on1 t\vt‘lve inonths. 
During this perifxi th(‘v remain normal in structure, and undergo cvelie 
ovulaticui. Iieocneration then sets in, affectiiuj fusr the coipora liitea and 
later the fol)ieh*s which h<‘co)iie eysiic. While the eml'ts function, normal 
cyclical changes take place, in tlie olh(‘r »jriians of reproduction (e,//. the 
ulmais). Tlu'se experiments prove conclusively that the ovary forms one or 
mon* internal secretions. 
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Structure of Uterus, 'flic body of the ut«‘ru- ciuislsts (»f the tollowinii 
layers from without inwards : 

(i) Serous coat. 

(ii) Thick muscular coat supplit*d by >vmpathelie nerv«* iibres. 

(iii) Mucous m<‘mbran<* or <‘ndometrium which un«leriL!o(‘s characteristic 
(•hanees durine tlu‘ uumstrual 
cycle. 

1 \vo kinds of blood v(‘ss<‘ls 
enter tin* endometrium from tin* 

<leep(‘r lay<*rs : 

(i) Spirnl arterioles which 
take a \ery tortuous cmjrse to 
tin* surface to l)reak up into 
capillaries winch supply tin* 
supiU'licial third of the mucosa. 

(ii) Sfraip/tf arterioles which 
run for only a short distance to 
supply the basal two-tliirds of 
th(‘ mucosa (Ki;.’’. tioH). 

Stages of Menstrual 
Cycle- (Ki.us. tioit, (KiO). 

( 1 ) PuoiJFKltATIVK S’lAO'K. 

When tin* fiama^c resulting 
from the menstrual period has 
be(*n fully ri'paired (c.//. on 
about the fifth or sixth day) 
the |)roliferativ<‘ phase begins. 

The endom(*tF'iuni is initially 
thin {(’.</. under 2 mm.) and 

* 'riie tenn “ seniltr *’ is hanily a hn|»|»y oik* ; llw nvariaa cliange is niu* wlnrh iiornadlv 
o<*<*iirs at a pai'tieiilar age. 

- It sinaild 1)0 oinpliasiz(‘<l that tiu* riu'iistrual oyolo is anrolatod to the <estnMis oyele 
uf lower laanunals {cjj. rodents). 



ARTERIES ARTERIES 


Kic. ()58.- Blood Vessi'ls of rterine Mneous 
.Memlirane. (Aft(‘r Corner, //nyntoHcs in 

IhotuiH h*f’ftrot!nrlion, Ih’iiireton, IlMU.) 

.\c»TK. (i) I tt-riiir i/l.-nifl.s : Mi) .•nli'rir«. .siipply- 

iii;jr iiiiKT thinl of iiiiicdmi : (iij) stiiii<:lil (l>:isil) 
artrries sii|t|t|yin^ hasal pari ul iiinrc».xa. 




Fr«. Fndoiutilrial ClmiigoH tiuriiig the M<‘nslrual (Vr]c iijoiikoy). (FrrparH- 

tions l»y CN>rrnT, {Inrtiiiai), and liartclmrz, fnun (’orn« r, llonfuftnvfi in Human Jippro- 
duction^ Princeton, ll)4(i.) 

A. I’irnaaith day “f rvclc*. just after riviiiiitioii (iiriiliferiitivf- pliasi*). 
it. 'J’wenty-third (iay of eyele, pro||;c,.statioiial phiiHc. 

C. Twpnty-sovunih day of cyclp; full pnwsf at ional i-haimes; luuustruatioa diii! one day lat-er. 

All acctioort arc luaifnified by xlO. 
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consists of a ciliatod coliiniiiar (‘pitholiuiii (wliicli hfat.s towards th#* fwtarior), 
dippinti; down into a looso stroma to form simple' tulmlnr uflnnds. Durin*. 
tlio rie'xt 8 days or so {ij'. Otli Mtli day) tli(‘ iimcosa tlii('k<‘iis, f>ooom<*s more' 
vasnilar, arid the fTlamls olon.i>;at<* and hocome eiilatt'd in tlmir de'o]M*j- part. 



Fu;. (U)0. Kmlomflriiil (-hangos durinji Monstreiatinn (l{Ju‘sus Mjaikyv). (Corner. 

UonnoHts in J/uninn Ucjuotluction.^ lViiu*et<ni, m4n.) 

A. First (lay of How : bl., .small colU'ctions of hloo»l in tlic lining of thr iitiTu.s, I'l-o^ieslaiioii.il rii of 
iilauiis .still pro.siait. 

li. 'I'liird (lay of How. Xotr lo.s.s of .supi?rHriaI jiart of (mdoiiudrinm : the proqostational patti-rn (d' Ihr 
Klaiul.s has disai>pear(’d. 

(2) PuFWKNSTiujAL ( Progkstational) Stagk (15t.li-28th day). The 
endoinetriiini ]>rogressivcly increases in thickness, e.t/. to 4-5 mm. The out¬ 
standing features are the increase in the length and diameter and tlie change 
in the outline of the glands ; they are greatly distt'iuh'd with mucus and the 
lining is thrown into folds which project into the lumen giving the gland wall 
a saw-edge, tufted appearance. The stroma cells proliferate and enlarge, 
become more closely packed and resemble those seen in the early placenta. 
The blood \'(*ssels are congested and exudation of (dear and blood-stained 
fluid occurs. 
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KXPERIMFA'PAL rTEllIXK HLEE1)1N( 


(.*i) .VlKNsrurA (1st llh or oili day). 'I'lus sta^o is cliaraclcri/od hy 
hloodiiiij: and sli(‘<ldii)ir of tin* snjH*rlicial part oi' Ilia aiidniiu'triiiiti, loaviiii; 
the basal (de(‘]>er) layer intact. The ni<‘ehanisni is obscure. It is sucj^ested 
that tile s})iral arteries close ih»\vn (p(*rhaps lor hours). Owiii^ to the resulting 
ischa'inia the i‘(‘lated region of the iniu'osa und(‘ri»«u‘s iU‘crosis and tlu' walls 
of the (MUitained capillarit‘s are weakened. \Vh(*n the spasm |)ass(*s away and 
I lie circulation is resloitsl. blotnl leaks out liirouuh the damaged and (h‘st roved 
areas ol’ the capillarv wall inh» the stroma, under th(‘ siijM'i’licial <‘pith(‘lium, 
and into tlie lumina ol‘i he inlands. The nciantic (*ndome1 rium, lo;jiet hei'wit h 
e.vuded bloo<l and much mucus, is cast olf into tlu* lumen of the uterus, wlienci* 
it passes to the exti'rior. Aiensirtial blood which escap(‘s rapidly from the 
uterus clots promptly, yiehls abundant iibrin. and contains thromlun. If (he 
blooil is retained lon^^er in tlu* body of th<‘ uterus, partial clottine takes place 
there or iilms of tibrin may la* deposited on tlu* eiulonu*l rium, I nt rauilt*riiu* 
clots when lone n*tained undergo a s»‘condary jirocess of li<pu‘faction. 

It must not b(‘ supposed that this destructive process occurs simultaiu*ously 
throughout tlu* <‘ndonu*t rium ; if it di<i the whole of I he su|)erticial part of 
the mucosa wouhl be rapidly sjou,!i:lu*d off and a sudden lariu* iuenuurhaee 
would occur. At any one tinu* the process is probably allectine only small 
scattenal areas of the endometrium, d’lie }h»w of blood into the vaeina takes 
place in liny spurts or trickles at iniervals oi‘ I lo minutes. Hy the end of 
1 or T) days tlu* wlioh endometrium has lieen allectcd, the dcstructi\e jihase 
in any area beine soon followed by rejiair. 'flu* surfaci* i‘pilhelium and tlu* 
simple tubular elands are n*store<l by outvrrowtlis IVom tlu* pe?*sist(‘nl basal 
ends of tlie ehnuls. 

The total blood loss in normal women in oiu* menstrual p(*riod varies 
from 1(»-210 c.c. with a mean of b) c.c. Then* an* variations in tlu* length 
of tlu* comjilcte menstrual cycle in any om* woman ; no wimian is absolutely 
remilar aiul the ranee of cycle length may be 2S \ days. 

Anovi'LA'I'Ouv .MKNsrm’Ai. (’vim.k. In rhe'^us nuudccys aiu»vulaiory 
cycles may occur in which no ovulalitm take.•^ place and no corpus luteiim is 
forme<l. The <*ndomctrium tlien oidy shows the cluiniics characteristic ol’ the 
prolifeiative sta,ee ; the duration of the.s<* cycles is tlu* same as that of a 
normal ovulatory cycle. When bleeding occurs it is similar in duration and is 
accompanied by the same kind of vascuko- changes as in ovulatory cy(*h*s. 
Many workers uree that tlu*. bleeding at tlu* t*nd of an anovidatory (*vch‘ 
sluiuld also be designated men.struation. Anovulatory eyedes also oirimr 
infrequently in wonu'n, chielly in youne eirls and near the tinu* of tlu* nieno- 
paus(*. 

Mechanism of Menstrual Cycle. (1) KxuKKrMK.NT.AL Utkiu.nk 
Hlkkdino (Ki^q bbl, A), (i) \Vlu*ii both <»va.rie.s are removed in monkeys (or 

wonu‘n), a, sineh* episode of bleedin»»: oecurs after a, few clays, irrespective 
of the plia.se of the cycle at which the c»pc*ration is pc^rfonned. The bleeding 
is thus related to withdrawal of an ovarian faetor (or factors) whieli inHucne(*s 
the uterus. 

(ii) If a monk(*y is ovariectomized and imm(*diat(*ly afterwards given a 
course of cestrogem injections, no bleeding occurs after the operation. But 
as soon as the* wstrogmi treatment is stopjied blef*ding occurs from the 
(‘ndomelrium whicli is in tlu^ proliferative* jiliase (Fig. (iOJ, B). This (*xp(Ti- 
inent seems to re]>rodiiee what tak<*s ]>lace in anovulatory eyeless in intacjt 
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nniiHiils ill whifli only (i‘stro»^n*ii is sorr^'toil ; in sncli cyclos, wln^n tin* 
imrn|)tiir(‘(l follinh* Ix'^/ins to (l«*«:(Minrato aiKl stops s(‘crc.tin;i a\stroLr(‘n, 
iive takes plaee. Mlee<Jinj' <*an thus result from (nslrof/ciL dejn'ini!iori. (or ev(‘n 
IVoni a l(^^ve^’in^ of the j)revious ])loo(l o/strogen level). 

(iii) An ovarieetomiz<‘(l inonloy is given mstrogen to IniiM up tlie prolilera- 
tiv(* phase of the emloni(*triuni. (Estn)ge]i treatment is then stopjK'd and is 
rf‘])laeed hy injections of prog»‘steroin'. No bleeding occurs \\] spilt* of 
mstrogt'n deprivatioti ; the presenet* of iniHfi’sfvrune iahihifs fhr hU'e<lnnj and 


NORMAL WOWAN 


MENSTRUATION 

OVARIES 

REMOVED 




OVAR lECTOMY CES TROGEN 

STOPPED 


I CESTROGEN 
OVARIECTOMY 


rCSTROGEN 

STOPPED 




MENSTRUATION 


PROGESTEROME 

PROGESTERONE 
STOPPED 


NORMAL WOMAN 

1 



r 



CESTROGEN 

PROGESTERONE 


MENSTRUATION 


OVULATION 

Fa;. DiagiMiii to Jllustrate Honnoiia] Control of Menstrual (\vele. 


CORPUS 

LUTEUM 

DEGENERATES 


also builds up the progestational jdiase of the ('iidoimdriuni. On stopping 
the progesterom^ treatment, the endometrium which has been de|)rived of 
the intluence of both (estrogen and prog(‘sterone bh^Mls (Kig. ()G1, 0). 

(2) Mkculanjsm ok Normal MKNSTHrAL Cvc lh (Fig. (>(>1, D).- In the 
normal numstrual (\vele the secjueneeof events is j)robably as follows. Ouring 
tin* growt h ol t lu* (iraaiian follicle iij) to tin* stage of ovulation, (estrogen alorn* 
is s(‘er(*te(l by the ovary and gives ris(* to tlie prolibu-ative ]>hase. Wh(‘n 
the eorjms luteiim devadops it s(‘(Tet('s pr()g(.*steron(* and also eontimu's to 
form cestrogen. Under the intlinmee of the combimMl action of these two 
horinon(‘s the i>r()gesta.tional stage* is produeed. When tlie eor})Us luteum 
degenerates the (‘iidometriuni is deprived simultaneously of the “ supporting 
action ” of both hormones, and bleeding occurs. It must be pn'snmed that 
the liorniones have a sprudlic action on the spiral arteries of the (‘ndonu'triunu 
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CKSTIlOirS ( VCLK 


Ameiiorrlia'a resulting iVoni ()vari(?rt<^niy lias boon siiccosHfully treated 
clinically by means of ovariarj hormones. Injeetion in ovarieetomized women 
of half to one million units of cnstro^en foI!ovv(‘d l)y about one hundred units 
of progesterone induces immstrual ehanjies which resemble the normal in 
every resp(^ct. 

It may be supjiosed that normally the projZ(‘stational phase is, as its name 
implies, a preparation of the end(»metrium for the r(‘ct*j)(ion of a f(‘rtilized 
ovum. If pre^rnancy ocenrs the corpus luteuin p(‘?sists and the. endonK'trium 
is ])rogressively transforuK'd into a ])lacenta which holds iind nourish(‘s tiie 
fetus. 

CEstrous Cycle of Lower Mammals. In tin* hover mammals sexual 
activity is usually limited to certain periods of the yrar : in the non-breedinu 
season or ]»eriod of rest {(ntfrsfmas period) the uterus is relatively anamiic 
and the animal shows lu) disposition to s(‘ek out il> mate. The sr.nml srasuH 
is divided intt* a variahlt* nuinher of a:sfrnns c//(7cn whl(‘h consist of these 
stages : 

(i) 7fe-fr.s7///.v- the uterus and vagina an‘ congi'sttnl ami distemhMl witli 
clear fluid ; hiood may escape to the exterior. Tlie vaginal epitlnflinm begins 
to ]»roliferate actively. 

(ii) (Ksfrns the sj>ecia.l ]M‘riod of desire in t he 1‘emale, the only time whcm 
she will receive the male or fruittul coitus is possibh*. Th(‘ congestion and 
distension of lli<‘ genital organs are at their p«‘al<. I'lie vaginal <‘pithelinm 
now rea(dies its inaximuin development and is covtu'cd hy v(‘ry many layers 
of fully keratiinzrd rrlJs. 

(iii) If f)regnancy does rmt ensue, the changes in the giUKM-ative organs 
siibside {mHfusfrus). 

In th(‘ al)senc(‘ of sncc(‘ssful (roitns the (estrons cycle is r(‘peatt*d, c.//. in 
the rat, every 4 to 5 days (polymstrous animal) ; in other animals t he o'st rons 
cycle may occur onc(‘ only during the sexual seas<m (dog). 

Tlie stages of the a\strous cycle in the rat or mouse can be n*adily followe*! 
by siiiifde examination of <»/ ratfin<d conh'nls. l)nring [)ro-crst.rus the 

smear shows nucleated epitJielial c<*iis (the actively proliferating lining) : 
during axstnis the vagina is almost dry, the now keratinized lining cells an‘ 
shed and ap]>ear in the smear as non-nueleated, faintly-staining, or eosinophil 
flakes. The presence of tliese ctdls is a diagn<>slic sign of mstrus. When 
axstrus passes oif, numerous leucocytes appear in the vagina, hi the resting 
phase the smear show's ({(‘generated leucocytes, brokim down epithelial cells, 
and strands of fibrin. 

CHEMISTRY OF THE STEROJDS. OVARIAN HORMONES. 
(X)RJ>US LUTKCM 

The Steroids. I’hescr substances, wdiieh are of gr(‘at pliysiological 
importance, are based on a, system of four rings joined togc^ther in a 
characteristic way, /.c. two six-memhi'red carbon rings bedow' (’* dowmstairs 
(A, B), j(nn('d to one six-mendj<‘red and one fiv(‘-in(*mbere(l carbon ring 
above (“ upstairs ”) (C, D) (Fig. 662). 

When all th(‘ bonds in all the rings are fnlly snturnlvd as shown in Fig. f)62, 
the compound is known as (jychjpenteno-perhydro-phcMianthrene. The (< 
atoms are numbered from 1 to J7 as shown on \), 1075. 
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In its HF‘raii<i;(‘nnirit lln‘ rinj: syst<*in is relatively Hat (i.e. in tiie 

j»|}in(‘ of rlu* pa])er, as eonventioiialiy \vHtt(‘ii). Suhstituents (rej)laciiijr 
iuiv H) stiek out on one side or oi lier of tin* plane of tin* inoleeule. Tliuse 


I I I 

SH ^CH-CH2 


,CH 2 /CH yCH- 


I I I 

ri2C 


\ / \ / 



iniclly uritlcii so. 
I*'n:. UU'J. Slnic1ur<‘oi SttM'oids. 


pi'ojeetiiiL^ towards tin* oliserver ai'e t«*rnn*ti ji .'-iilistitueiits, and tliose 
projt*(‘tin^ away are ealleil n sulist it uents. 

Tin* din*etion of fin* projection is shown thus : 








/N/ 


OHx 




liydro\\ »‘om|i<*un<l. 


H ot liydrovy ctnniiound. 


The rnnfi)nfn((s line indicates projection huntnls, and the hyolrn line 
proj(‘ction nwnn fnnn, the ohst*rver. 

In naininfj tin* steroids tin* Tollowine conventions art* used : 

~(Uie: fully saturated eonipound. 

’cne; unsaturat(*d eonipound ; -(//car. rejirt'sents the jiresence t>f 

or d double bonds. 

-oar; presetict* of ketone (: (’ ()) jjrroujunu. 

-a/.- ]m\S(*nee of hydroxyl (alcoholic or jihenolic dll ‘zrouping). 

pH YsioLocjCA]- Stkhoios. Tilt* st(*roitls ot physioloj^ical ititerest includt*: 

(i) (Estro^(*ns {Infra). 

(ii) l*ro^estins (|i. 1077). 

(iii) Androjit'us (p. 107t)). 

(iv) Adrt'nal cortex hormones (corticoitis) (ji. 050). 

(v) (Hiolesterol and related substanc(*s like eoprosterol and (*reost('rol 
(p. 700). ^ 

(vi) Vitamin /> jirecursors (p, 1010). 

(vii) Hilt* acids (c.//. cholic acid) (p. 708). 

(viii) Cardiac ^lucosid(*s like dieitoxi^etiin (tif digitalis). 

(ix) Ca.rcinogt*ns, like nn*thyl cholanthrene. 

(Kstkogens (FoLLK'nnoiDs) (Fig. (iftd). -The structure is based on 
(Mtrah(% which dilfers from tlie basic steroid shown in Fig. 602 in having a 
ji OHjj group Tephu’ing tin* H attacln‘d to tin* C in the 13 position. Tlieif* 
are no double bonds ; all tin* V atoms have <‘nough H atoms to fill up their 
quota of 4 valencies. 
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SEX HORMONES 


A (IfrivMtivc of lestraiir is wstmtricnc (throe doiibh^ bonds; those join 
tlio following carbons : 1:2; ‘1 : 1 : and o : 10, to f 4 ivo an aroniati(* rinjj;, A). 



(KstraiH*. 



(KstratiicMir, 



In ovary. Activity: 
A X <T'stron<'. 



(Estrone 
In urine. 

Kkj. (MKI. Slructuiv of (Kstrojrrns. 



(Efltriol. 

In urine ; weaker than 
cestnuic. 


The natural (t*stro«r(Mis are substituted dorivativ(‘s of (osl ratriiuu', thus : 

(i) (JLsfradio] (-diol dihydroxv') : the two OH oroups are in positions 
3 and 17. The 3-01J jrroup is fda'nollr, 

(ii) (Kstronr : 3-hy(ir<)xy-l7-k«‘tO'(Vstratrien(‘. 

(iii) (Kstrio] (-triol triliy<iroxy) : the thr(‘(‘ OH croups an* in [positions 
3, 15, and 17. 

Andkook.ns (TksT()N)s) (Fi*^. titVI). These are based on ani]rosiant\ 
wdiieh is (osirane with a second methyl, i.f\ (^^H.,) onuip attached to 0,,, ; 
androstane is thus l()-inethyl oestram*. 

(i) Avfhostf'roKr is 3-hydroxy-l7-koto-androst.aiH*. 

(ii) Testosterone is 3-keto-17-hy<lroxv-androst(‘ne (1 double bond joins 

C^amKV 



'lestostcn)!!*!. 



AiuJrostanc. 



Androstcrniu*. 


in tf-itis ; action on coinli urouth 
I a X uiidroMt<Tonc ; jurccssory rc- 
imidiictive organs of rniiiiiirials: 
very active. 


In iiialir urine, ('oini) growth-f ; 
accessory reproductive organ!- 
of niHintiials ; slight action. 


Eici. .Structure of AiidrogeTis. 
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I’uofiKSTiNS ([iUTEOiDs) 605). The baHic conipniiTKi is prrgvave 

which resembles aTidrosbims but has a CHg- side rhaiu attached to 
C, 7 . (The (■ll,, attached to C,o is mind)ered 19 ; the Cli;, attached at Cj.., is 
mimlxM’ed 18 : the C atoiiis of tin* side chain attached to are mimbered 
20 and 21.) Pngaem’ lias one double }»ond joinin^^ C, and 



Tregiiaia*. Progesterone. Pregniinediol. 

In corpus luteurn. Inactive. In urine. 

Pio. OOri.—Structure of l^rogcHtiriH. 


(i) Progesterone is 3 : 20-diketo-pregnene. 

(ii) Pregnanediol is a fully reduced derivative of progesterone with 6 
additional H atoms. 

CEstrogens (OEstrus-producing Substances). —As oestrus does not 
occur in women and the higher primates, this term is a misnomer when 
applied in these species to oestradiol and related substances. The term is, 
however, sanctioned by historical reasons and common usage. The principal 
natural oestrogens in women are (i) oestradiol which is probably the hormone 
secreted by tlm ovary ; (ii) mtrmie and mtriol, less biologically potent sub¬ 
stances which are derived from oestradiol and are secreted in the urine. 

SouiK'ES..QCstrogens can be c.xtracted from the o\’arv (both the Graafian 

folliele and tlie corpus luteuin) ; the placenta ; the adrenal cortex ; the testis : 
and normal adult male as well as female urine. There is a large excretion in 
the urine of pregnant women ; surj)risingly, there is also a large excretion 
in the urine of stallions. 

pKODiMvnox AND Fatk Of (EsTKOOKNs.- (i) lujectiou experiments show 
that about 10 ])er cent, of injected wstrogen is excreted in the urine ; this 
i'a(‘t is mad(‘ us(^ of to calculate the natural rate of a^strogcJi formation. 

(ii) All adult woman excretes in the urine alxnit 1 mg. of CRstrogen per 
month, corresponding to the formation of 10 mg. per cycle. (Estrogem is 
excreted in the urine throughout the cycle, reaching its ])eak at about the 
time of orukifion ; this is believed to be derived from the cells of the Graafian 
follicle whose secretory activity increases as it grows and matur(*s. (Estrogen 
is also secreted during the second (or corpus luteurn) phase of the cycle ; 
there may Ix^ a secondary rise in (Pstrogeii output at this time in the urine. 
It seems, therefore, that the corpus luteuin is a dual gland secreting both 
oestrogen and progesterone. As mentioiied above, a^strogen can be extracted 
from the corpus luteurn as well as from the follicles. At the immopause, as 
th(^ follicles progressively disappear, the urinary excretion of oestrogen declines 
and finally ceases. No oestrogen is excn*ted by children before puberty. 

(iii) (Estrogen is excreted in increasing amounts during the last six months 
oi pregnancii ; when its excretion is at its jxnik during the last three months 
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the daily (pstrogeii (»iit|mt is 1“) ir» m;!. [xm* day (fiiostly as «estnnl. Ip. a small 
extent as (x^stroiie). Tin* a^st^ogen (»!’ pregnancy is formed by the phw'enta : 

(rt) the amount excreted is relateci to tlH‘ size of the ])lac(*nta (Fig. dl)!*); 

(/>) excretion falls Ta])idly to normal levels aft(‘r (*X])ulsion of the placenta. 

(iv) The sigiiilicaiice of tiie oestrogen content of the adrenal cortex and 
testis is unknown. (Tlie adrenal cortex also cotjlains andr{>gen (cf. p. IMiS). 

(v) (Estradiol is ni(‘tal>oli2(Ml largcdy in the liv<'r; it is partly oxidized to 
inert coni])ounds, and partly converted to weaker derivatives like (estrone 
and cpstriol, which an* then <*onjugat(al with glnciii-onie and sulphuric acids 
and finally excret(*d in the uriiu’. In Z/cyx/Z/V /a-sw/ZZ/c/c/e-// signs of (estrogtm 
()V(‘ractivity may ap]x*ar. 

Artificial (Estrogens. ‘ S<»me highly p^Utmr (estrogens hav(‘ been 
synth(‘sized which diHer in th<*ir chemi(‘al .structun* Irom the natural (estrog(‘ns. 
8ince the natural substanc(‘ (cstrom' has now b(*en syntli(‘size(l it is more 
ap])ropriate to call these conijiounds “ artilicial rath(*r than “ synthetic ” 
oestrogen s. 

Dttivdiioxvstilhkxe (!()MI*(»i’N]>s. These conij^oimds have* the general 
formula : 



Ri Rz 


The best-known compound of this group is that in wiiieli both Hj and lU 
are grouf)s dirfhf/1) stilhfjfsfrtfi or more simply sfiJh(rsfrol). 

OtluTclo.sely redated compounds are liexcestrol, bejjzd^strol, and diemestrol. 


CHz CHz 
CH 3 CH 3 
IIe.\ccatrol. 


CH CH 

I ! 

CK" 

.1 )ien(i*st.rf)l 


Ethinvu (Estradiol. This synthetic (estrogiu) dilfers from those 
mentioned above in tliat it is merely a nioditieation of the natural hormone, 
opstradiol. 



Unlike, the natural oestrogens the artificial substances are highly active 
when given by mouth. (Estradiol, as stated above, is rapidly metabolized by 
1 J)o(ldfi. QnaH, J. Fharmnnj Pharmacol,^ 1049, /, 137. 
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t,h(» liver ; wlieii a.(i!uinister(‘(l orally and absorbed via the j)orUl vein, it is 
lar<^ely inactivated (lnn!i^^ its passafjje througli tliis o?<j:aji. Stilbcjestrol is niucb 
more Vesist^iTit to sncli c-lianges, tiiougli a. small fraction appears in the urint* 
as the monoglucurf>ni(l(‘. StillKostrol alsf) has the advantage of being cheap 
to prepare. 

The relative a;‘strog(*nic potencies of these diflenmt substances vary gn-^tly 
according to the test iise<l. The most reliabh* comparison can b(‘ made in 
ovarieetomized women by determining th(‘ total dose whieh must be given for 
2 weeks to prodma* “ (estrogen withdrawal ble(aling " (]>. 1072). In this way 
it has been sliown that stilbtestrol is 1 tinj(‘.s as potent as diemestrol, and 18 
times as potent as hex(j[.*strol ; stilbeestrol, how(*ver, is more, liable than the 
other- eom]>oiinds to producer nausen in therapeiilie doses. Ktliijiyl oestradiol 
is tlie‘ most potent eestrogen known, and is about 50 time!S as ])(>werful as 
stillaest rol.* 

Actions of QEstrogens. (J) JiKLATiox ro (JisTjers. In the lower 
wommuls tile outstanding (‘lle‘et of ei^strogen is to produce the*, uterine, vaginal, 
and other somatie and psyehie etfents characteristic of eestrus (]). 1074). 

(2) Ae’TioN ().\ i TKiirs asd Adnkxa ix Womkx.'-^ In omriedomized 
wenien undergoing eesti-ogeai treailment the* ut(r‘im‘ iiiiisele fibre's incrtrise in 
number ami size, and their spontaneous motility is enhanced ; the atrophied 
mucosa dcAclops ; tliere is also sonm increase in the size and vascularity 
of the vrrrir, 'fhe secretory activity of the cells lining the Fallopian tabes 
is stimulated and the inotiliitf of its mnsele coat and of tin* cilia is increased. 
Stratilication of the rapinal epif/teliain is promoted. 

(3) Kelation to MKNSTurAL C-ver.K. In ovarieetomized women the 
injectiejn of large doses of ejest rogen produce's changes which are identical 
with the jfrollferatire jihase of the menstrual cycle. When coslrogeu injections 
are stopped^ aterine bleediup oeettrs. 

In some monkeyvs reddening and swelling of the peri vulval (se'xiial) skin 
is })roduc-ed ; Iluid is also retained in the akin generally. 

(4) Breast. (Jist-rogeii produees various degre*es of |>roliferatie)n of the 
daeta and occasionally of the alve*oli of the breasts (p. 101)2); it also induces 
growth of the epithelium of the nipjde in both sexes. Cancer of the breast 
may be jn-oduee'd in siiscejdible miea* (see; footnote 1). 

(5) .4(T1()N os AiN't’ERieju l^iTi'iTAKY. (Kstrogcn inhibits tin* seairetion 
of tin* anterior pitnitary hormom\s, inehnliiig the gonadotropliins. In large 
doses oestrogen may thus indireetltf cause atrophy of tJie ovaries and coiise- 
eiuently arn*st of menstruation, atrophy nf the testes and sterility in botli 
sexes. (Kstrogcn has no direct actioji e^n t.be ovary or t.estis. Tin; Jiormal 
regulation of gonadot rophic secretion lyv oestrogen is considered on |). 1085. 

(()) Hole ix 1*re(:nan(A- axd HAUTrurnox. See pp. 1087, 101)1. 

(7) TiiEKAi'ErTre’ 1 \ses. See p. 1082. 

Functions of Corpus Luteum. Progestins. Progesterone.— The' 

^ Many BiibRianetis have been extracted from tar or prepared synthetically which are 
carcinogenic, i.c. when painted repeatedly on the skin of the rat they produce cancer; 
though these substances differ markedly chemically from the natural oestrogens they are 
also capable in massive doses of inducing wstrus. Conversely, large doses of oestrogen 
may produce cancer of the breast in susceptible strains of mice, inhere is no reason to 
suppose, however, that the doses of oestrogen used clinically may be followed by this 
disastrous result in women. 

* Similar results arc obtained in the primates in which a menstrual cycle occurs. 
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coTjuis liitfiim, tliroiigli its pritu'ipic pro</csicronr is n\s{)()Tisihl(* 

IV»r: 

(i) Tlio prntn'Nslrual ijt'owfh in tin* non-pre^inint Imiuiin uterus. 

(ii) (Vrtain hrensf cliaii^es. 

(iii) Tile (l<‘vel<>|)nient of the phtrcuia. ((h'eidua) (iurine |)re<inaney a.Tul 
tlie einla^ddini'' ol' tlie f(‘rtilized ovum in the uterus. 

(iv) (’ertain other changes ftnyHtutr/f. 

I. Relation of Progesterone to Menstrual Cycle. In I he normiil 
(■y(*]e 1 he soeretion ol' prop'strone begins t wo days after tin*. o(“eurrenc(‘ of 
ovulatimi and sto|>s about two days before the onset, of inenst ruatioii. During 
these 10 - 1*2 days, bO 100 nnr. of jiroiicsteroiu' an* secn'ted of vvliurh about 
one-ijiiart(‘r is exereO*d in the urine as Na. preunaiu'diol ,irlueuronida,t<\ Tlie 
roh* of j)rog('sterone on the menstrual eyele is eonsi«lered on p. 107 ‘>. 

‘2. Functions During Pregnancy. (J) PnAcKN i A Fok.matiox axi> F.m 
liKDDiNf; OF OvoM. -'file relation of the <*orpus liiteum to tln‘S(‘ functions 
is illustrated by the following experiments ; 

(i) As stated on p. 1ovulation in the ralibit only occurs aft(*r coitus; 
following TU])tiire of the follicles, corjiora lutea devadop. If copulation is 
carried out by sterilized bucks, cor])ora lutea are formeci, but, ol‘ course, no 
pregnwwy ensues. During the period of persistence of the corpus luteuni the 
uterus show\s growth changes in its mucosa, similar to those of early pregnancy. 
If a mechanical stimulus is applied to tlie uterine mucosa (simulating the 
presence of a fertilized ovum) very marked local grow^th occurs, leading to 
the development of a decidua, i,e. placenta formation has been artificially 
induced. The corpus luteum thus forms an internal secretion which sets up 
the growth progestational ”) changes in the mucosa that are necAissary for 
the embedding and development of the fertilized ovum. 

(ii) If the cor])ora lutea are removed from rabbits 20 hours after mating 
(wdieii the fertilized ova have been in the Fallopian tubes for about 10 hours), 
no prog(*stati()nal changes oci-ur in the ut<u*us, and none of the embryos live 
after the fourth day. The above exp(‘riment is then rep(»ated, but al’tm* the 
ovariectomy, extracts of cor|»us luteum (or progesterone) are administered 
for 5 or 6 days. TIhj (embryos persiat, and histologi(;al examination of the 
uterus at tln^ end of this ]>criod s1k>ws pruycstalioml changes identical with 
those seen in normal [iregnanc.y. If thv. injections are continued long enough 
the yiregnanc.y may go on to term. [(Estrogen has no su(;h effects.] 

The presence of the futilized ovum in tln^ uterus causes the corpus luteum 
to ])(?rsist till the (*nd of juegnancy. The res})onsible agent is chorionic 
g()nadotro])hin which is formed by the- fdacenta (it is also resfionsible for the 
AschhcAm-Zondek reac,tion and the other diagnostic tests of pregnancy 
(p. lOSH)). 

(2) A(n’j()N ON Ftkkink MoscLK.CJorpus luteum extracts {progesterone) 
in rabbits reduce*, the sjiontaneous activity of the uterine muscle and its 
responsiveness to oxytoen'o ; the uterus can thus enlarge progressively to 
accf)mmodate its exyianding contents during pregnancy. If the corpus 
luteum is made to f»f*rsist tof} long by injections of anterior pituitary extracts 
tho ons(5t of parturition is delayed. ()n the basis of tlH\s<i experiments it 
has >)(»en suggested that degfmeration of the corpus luteum at the (Uid of 
pregnancy may be a necessary c.ondition for the onset of labour. There 
may, however, be im])ortant species differences, as in women injection of 
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niav iiiducc slow uieriiM’ oontnictioiis of Tb^ 

jno^oslrroiu' stHTohMl «lurin.L!; tlu' Ijiitor pari of pn^^nianry in wonuMi wouUi 
tluMi im! indiici* ulorioc (|uii*s<‘oiico, nor would ibo cassation of proj^ostoroiio 
sc<‘rction help to promote parturition. 

In wonum llie ftlarinttn also secret(‘s pro<jj<*slerone and is thus eoneerned 
with its own urowth (p. If ovarie(‘tomy is carried out iji wf)men 

ea.rlv in pnvemniey the hotus may ;{o to term in spite of tlu' a))s<*ne<' of tlie 
secreti(»n of the cor}m^ Iut4‘um. 

(‘5) Ari’io.N o\ ItuKAs'i’s. 'riie corpus luteum is one nf the factors coii- 
ct‘rne(! with tin* growth of t ln‘ alve<ilar tissue of the breasts diiriujj: j)rf‘ti:nancy 
(p. 

(1) I Mil liri’KcN OK ()\ i'h\TJoN. Diirini.’ pri^irnaney, ovulation (ami 
menstruation) do not tak«‘ plac<‘: this is juobably related to the persistent 
secndion of progesterone. Kxperimentallw injection of proi:esterom‘ prevents 
ovulation and delays the onset of immstrual bh‘(*din^ ; it is not kmiwii how 
it j)roduces the former effect. 

‘‘ Hki.a.xin " AND Pki.vic Lkcamknts. Jn the latter ])art of [)n'eniincy 
tlie pelvic ligaments relax *'in pn^paration for the stretching which 
accoin]>anies labour. This res])onse is attributed to a substance called 
“ relaxiii,’^ which, though not yet chemically identified, is distinct from 
a^stradiol and progesterone. It is formed mainly by the placenta, and to a 
much smaller extent by the uterus, from which it may be liberated into the 
blood stream by the actions of progesterone or oestradiol. 

3. Chemistry of Corpus Luteum Group (Fig. 665).--This subject has 
been considered on yn 1077. The active principle which has been extracted from 
the corpus luteum is lirogeMeirouv. It has been synthesized from stlgmasterol 
(a sterol found in soya beau) which is closely relat(‘d to cholesterol. An inactive 

derivative--ynr/ 7 yn/ac(/m/.is found (as the glueuronide) in the urine of 

pregnaTicy, rising in amount from tlie eighth W(H‘k to about eiglitfold at 
])arturitiou. It also a.])|H‘ars in the uriiu* during the S(‘eond half of the normal 
menstrual cycle and disa|)p(*ars again just ladbrc the onset of uuMistruation, 
It is an ind(*.\ of tlie st‘cndiou of prog<*st«Tone about *25**,, of whieli is eouA erted 
to pregiumediol. 

l’rog<\steroiie-like sulisiauccs have betm synthesized, the most im]»ortant 
b(‘ing el histerouc (prcgncninolouc) : thi*si* compounds ha\'e the advantage of 
lM‘ing ai'tivc when admiiiistere<l by mouth (unliki* progesterone). ddie 
fornmla of et liisti'rone is shown in Fig. 66b and slioiiM be coni|)anMi witli tliat 
of progi'sterone (p. 1077). 



Fu: 666. Structure of Fthistcrone. 

Progesterone is relat(‘d eheTuically to certain of th(‘ adrenal (‘orticoids 
(Fig. 610) and may preserve life in adrcnalectoinized animals. 



10S2 TTIERAPEUTK^ USES OF SEX HORMONES 

Therapeutic Uses of Sex Hormones.—J. (KsrKoriENs. Th<' substarirp 
of choire clinically is sfiltxvsfml (f». 1078) which is chca]) and can l)f‘ pivcn by 
mouth. The thcrap(‘utic uses of a^stro^icns ar<» summarized below. 

(1) Menopausal Sywpfonts. —(Eslroj^eii controls satisfactorily the hot 
flushings which are a comnion and troublesome symptom. If suitably 
administered together with progesterone a normal menstrual cycle can b(‘ 
produced in ovariectomized women : a.'i amenorrha^Ji itself is iiarmless, little 
advantage is gained by the patient from this intc'resting physiological 
experiment. 

(2) Delayed Paberfy.- The age of onset of numstruation and sexual 
maturity iti girls in Britain is 10 lo y<*ars ; but of girls do not immstruate 
till they are IG years of age or over. If the sexual organs are still immature 
at the age of 18 it may be advi.sable to administi'r (estrogen to promote the 
growth of the jxTsistently infantile uterus and of tin*, breasts. 

(3) Vulva and Vayma. —(hlstrogen increasi‘s tin* thickn(‘ss and degree* of 
stratification of tlie vulval and vaginal epithelia : it has [)roved of valm* in 
allaying vulval itchivy and esf)ecially that assocaated with kniurasls vulva' 
and senile vayinitis. (Vunbined with sulphonamid^*. (estrogt'ii may In* of ust* 
in the treatment of gonorrhceal vulvo-vayinitis. 

(4) Nose.— (Estrogen modifies the mucous m(*mbrane of tiu* nose and has 
been useful in the treatment of atrophic rhinitis. 

(b) Breasts. — If given before the onset of laelation (estrogen may inhibit, 
the secr(:*,tion of milk by the breasts; onc(* lactati(m is well establislied it is 
le.ss elfectivt*. \Androyens act .similarly. | 

(6) Carcinoma of Prostate. -The use of (estrogens in this condition is 
considered on p. 1116. (Estrogens do not bem*fit vuses oi simpie hypertrophy 
of the prostiiie (cf. p. 1117). 

(7) - Stilbcpstrol (but not natural o*strogeti) giveit early in 
pregnancy interferes with the implantation of tin* ovum atid may f)roduee 
abortion. 

(8) Menstrual Disturbances, (Estrogens are commonly used efupiric.ally 
in a variety of ill-understood iinnistrual disord(‘rs in the hope that some 
ben(*fit may r(*sult. Larg(* doses may have a dramatic luemostatic effect in 
patients with prolonged iind Inaivy uteriin? bleeding. 

2. Progesterone Grouj\ Meinb(*rs of the progesterone group an* 
sometimes useful in cases of repeat(?(i abortion. As pointed out on p. 10!M, 
progesterone in women may imluca* slow contractions of high am])litudc. Its 
claimed beneficial effects in preventing abortion may thendbre be due to its 
capacity to stimulate the development of the decidua and the formation of 
the placenta in j)atients in whom progesterone secretion is deficient. 

3. ANDIUXJENS.— The action of the androgesiis in the female may be coji- 
veniently refernjd to hen*. They may be : (i) androgenic, i.e. masculinizing, 
producing, for example, growth of the clitoris ; (ii) gynax-ogenic, i.c. feminiz¬ 
ing, promoting growth of the infarjtile uterus and (-ausing a>strous changes 
in the uterus ; (iii) in very larye doses they may depress the pituitary gland 
and thus indircxitly inhibit ovulation and menstruation and influence the 
breasts. Clinically th(^ androgens have proved l)eneficial in castjs of exc(‘.ssive 
uterine bleeding (menorrhagia) ; large doses of testosterone may have 
temporary beneficial effects in carcinoma of the breast^ acting particularly on 
bony metastases by causing sclerosis ; like the oestrogens the androgens may 
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mliihit Jact.ilion. Adniiiiistratioii of those substanoos is nof fnv from dis¬ 
advantages, a.s l liev may (aiuso growth of a beard and tn-eaking of the voice 
(i.e. general f)li(momona of masculinizatioii). 


RKhATlONSHII* OF ANTERIOR PITLJJTARY TO OVARY. 

THE (iONADOTROPHINS 

Anterior Pituitary and Ovary. The anterior pituitary by means of 
its gonad<»tn>|)lrie liormones initiates the cyclic, changes in the ovary at 
piilM'rty and regulates these changes throughout active sc^xual life. It caus(\s 
the ovary to secrete its hormones, i,r. (estrogen and }>rogest(‘ron(‘. Indirectly, 
th(*n‘for(*. the pituitary controls the structure and functions of tln‘ n‘st (d the 
reproductive aj)))aratus and th(‘ s«eondary sexual characters in i\w fentale. 



t'lo. U()7. Action of Aiifcri(»r !*itnitarv 'IVaiisplaiits on Irninatiiro Ovary in Hat. 

(Smith and Engle, iVoni Harkes, JntfrtKil Srcrefintis of the Ornrt/.) 

A and II are ovaries of litter-niale, imiiiature rats. 

A *=iiutrealcd. 

H — reciCived four dally transplants of anterior pituitary material. 

Niite (?rent increase in the size of the ovary of B and the formation of ninny nmture Graafian 
(•«.Hides 

(1) RKsrr/rs ok HYi'Oi’BVSK(m)MA\ llypophysectomy in immature 
animals causes tlie ovaries to remain infantile ; iii adult animals eyclm 
ovarian activity c(*ascs. Anterior pituitary transplants in immature animals 
cause rapid growth of Hie ovary and precocious ousel of ovulation and 
cor|)us liiteum formation (Fig. ()i)7) ; many ova are diserharged. In adult 
hypo[>hyHectomized animals pituitary transplants restore cyclic ovarian 
acjtivity. 

(2) PiTUiTAHY GoNADOTKoiMiTNS. TIm‘ anterior pituitary acts on the 
ovary by means of three hormones : 

(i) hormotie (F8H). 

(ii) Luteinizim^ hormone. (LH) whi(3h is chemically identical witii inter- 
stitial-cell-stiinulating hormone (lOSH) that acts on the interstitial ecdls of 
the testis. For this reason LH is often also referred to as lOSH. 

(iii) Prolaclin (lactogenic hormone, la^^iogen, luteotrophin), 

FSH and LH (ICSH) are glycoproteins : they are the classical gonado¬ 
trophins, i,e. hormones acting on the gonads. The action of prolactin was 
first thought to be limited to the breast, hence its name. It is now established, 
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liowovor, that it initiates and maintains the secretorij acflviftf of the eor|HJs 
luleuni, hene(' its uvw name, Inteotrophin. It should not. he eonfused witli 
Inteini/iiiii hurniom' whieli is in [)art res])onsi))le (together with FSH) for tlie 
funnaiinn of tile corpus lutmim. Prolactin is obviously a. third ^omniotrophin ; 
it is a siniph' [)roti'in. 

(‘i) OTHMii (jONADOTitOPniNS. Two Other iionadotrophins have been 
isolated : 

(i) Chorionic. f/oiooJofrophiit, whieli is present in the urine* of ])reenant 
wonu*!! : il is funned in the plaeenita. It has similar [»hysioloifieal aedions in 
wonn‘n to Lll but dilTers from Lli in structural (h'tails. It also has a. luleo- 
trofihie action. 

(ii) Prcf/ftnof )nnrc scrum (jomulofrophi)i [CMS, srrtnn (jonaihtlrojthin, 
ctfoinc f/o}Hi(lofrophin). This substance* has not yed bee‘n isolat(*d in the ]>ure 
state ; it res(‘inbh‘s PSH in its action in women. 

(-1) Ac'rioN OK (loNAOOTROi'Hixs. The actions of t in* individual gomnbi- 
tro])hins are l>(‘st donionstrated by injecting tliem into hy]K)phys(*etomized 
immature animals, 

(i) FSII ]jr(jduces growth of the Graafian follicle. Giv('n alone it does not 
induce ovulation. 

(ii) If FSH ia now given combined with LH, and the dosage of the two 
hormones is appropriately adjusted, further growth of the follicle takes place, 
ending in the occurrence of ovulation and the formation of the corpus luteum. 

(hi) If prolactin is now given, the secretory activity of the corpus luteum 
is initiated and sustained. On stopping the injections the corpus luteum 
atrophies. 

There must obviously be some mechanisms in the normal animal to regulate 
the tirning of the release of the individual gonadotrophins and the dose of 
hormone so reh*ased. 

Regulation of Discharge of Gonadotrophins, TIu* secretion of these 
hormones is regulated by : 

(i) the hypothalamus ; 

(ii) the. conceiitration of ovarian hormones (mainly (.estrogen) in the 

blood. 

(1) OF llvi*(rrHALMr.s.--(i) In the rabbit electrical stimulation of 

th(i hypotliulamus jiroduees ovulation. As explained on p. 1)31 a chemical 
transmitter is released locally which is carri(*d in the blood to the arit(*rior 
f>ituitary causing a discharge of gonadotropliins. 

(ii) In the rabbit, ovulation do(js not normally occur spontan(*ously and 
rhythmi(^ally, but only takes place 12 18 hours after coitus. In the absence 
of the anterior pituitary, howc^ver, coitus d(»es not produce this efCecd.. The. 
act of coitus in the rabbit probably refl(*xly stimulates the hypotliahimus ; 
the further s(*que.nc<‘ of events is as in (i) supra. 

(iii) The winter period is usually a non-'breeding season in the; ferret; in 
the female the ovaries are quiescent during this time and do not show the 
characteristic (cyclic changes. But re])r(iductive activity sel,s in e.vcm in 
winter if the nuinlxir (;f hours of light to which thc^ animals are exposed daily 
is prolonged by jirtificial illumination. I’he light stimulus acts on the retina, 
sends excitatory impulses up to the brain, and ])r(*suinably ultimately 
stimulates the hypothalamus. The effects of light (;anriot be produced after 
hypophysectomy and therefore involve the secretion of gonadotrophins. 
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(iv) A similar r(‘fl(‘.\ comes into play in the female pigeon ; it, does not 
ovulate s))Oiitaneoiisly hut does so usually in the pn'senee of a. mal(‘ hinl. Jt 
will also ovulat<‘, howev(‘r, in tin* presence of another* f<*male ; in fact (h<‘ 
bird will ovulate if left alone in a. ea.^e so lon^‘ as it is proviiied with a mirror 
in which it. eaji s(*(‘ its own reflection. Here, too, visual stimuli lead (presum¬ 
ably via the hy[)othalamus) to the. dis(‘liar<jre of <j:onadotro])hins. [The elTeets 
of s(‘lf-e\’amination in woimm are more ‘ieneralized in eharactirr.| 

(2) lloLK OF Blood Houaionk Lfa kl. (i) Wlum mstroirens an; injected 

MU 



I'k;. fins. -KOfCt <)1 Nituiij ( (Oiiattitropliin ( KSH) aiui ( 'liorionic OmiadnlrDpliiM 
( IJI j>liis Lilt<'otn>pjnii) «»a rr-iiiarv t’xrielioij of (Mslroj^cns atnl I*r<';^iiaiu*(linl in 
Cast; of J’rimary AincuorrhoNi. 

dear (’oliiiiiiis : cxm-tion ol’a«stroy«*ijft (in iiumsc’ units). 

Jilark roiiiiiius : t*xfreti<»n at pretiiiauediol (ilerivfd rn>nj prap'stenmo) in in^;. 

A : InjtMd. soniin noiiailotrapliiii t FSH). 

IJ ; hijrct cliarioiiu- •rcjuadatraphiu (I,II ]»lus liitoatrapliiul. 

An»r A, hh-fdiim atrianw Inun an (‘inioiiu-triiiMi in Ihc pralil'rralivr phase. 

Atfer n. iiieeiliim aeeiirs tram an (‘iniainetriiini in tin* pm^iestational phasi-. 

(Hedrawii rraiii liytllKTti/V n/.. ./. Anit’f, mrtl. .l.s.vor.. J'.M;;, I'JJ, 

for loii*^ p(*riods, they produce marked structural and functional changes in 
the anterior |)ituitarv. Tlie ^land b(*(‘omes considerably enlarged «)r develops 
an a|>p(*arance resembling an innocent [)ituitarv tumour ; it may show intense 
congestioti and haunorrhag<*s or other destructive changes. The functions of 
the gland are often gravely dc*ranged ; thus the sc'cretion of gonadotrophic 
hormones may be inhibited in both si'xes leading to atrophic changtis in the 
ovaries or testes. [8(»cn*tion of growth hormone may also c(‘ase, leading to 
dwarfism. (Estrogens can thus profoundly modify many ant(‘rior pituitary 
activities. | 

(ii) At the nieuo|)ause, wlum the ovary ceases to secrete a\strog(*n and 
progesterone, tliere is increasial excretion in the urine of FSH. 

(iii) Injection of cestrogen in suitable doses may inhibit, the secretion of 
F811 and increase the secretion of luteinizing hormone and of prolactin. 
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Thest* scattered observations sugj>[est that th(*re is |)ro])ably a (*oniph*x 
rrciprocal relationship between the ovary a]id the j)ituitarv. It is supposed 
that at th<‘ onset of nienstniatioii, when tJie blood h*vel of (estro^t^n and |>ro- 
gesterone falls to a niininiutii, F8H is seer(‘t.e<l causing the initial follicular 
growth. Tin? resulting increased oestrogen level (l(*creas(*s t he ?a.te of s<*cretion 
of F8J1 and stimulates the secretion of LH and ]»r(‘suma.bly of j>rola<*tin, 
causing ovulation, luteinization, and the secretion of progesterone. 'riier(‘ is 
little information about the action of prog(‘sterone on the pituitary. 

Clinical Use of Gonadotrophins. Tin* gonadotrophins used an* 
(i) choriiofir ponailofrophin (derivt‘d from human ])n*gnancy urine), which 
acts like JjH plus luteotropiiin ; (ii) srrutn (fonailafroplnn, deriv»‘(l fnnn 
pregnant mare serum which acts maiidy like FSJI. In cas(‘s of priomip 
(unenorrhim in which the (»varies are tJiought to lx* in tin* infantile state, 
and nion* commonly in secondarif ainenorrlioa, inj(‘ct(‘d gona<l<»tmphins may 
stimulate ovarian activity and s(‘condarily uterine developmeiit and thus 
|)roduce normal menstrual cycles, in women with infantile ovarit's, st^rum 
gonadotrophin (~FSli) given alone stimulates ovulation and (estrogen libi'ra- 
tion ; the uterine mucosa. |)ass(‘.s into the prolib'iativc* phas(* ; tln*r(* is a, gn*at 
iinu’ease in testrogeii excretion in tin* urine. \Vht‘n this tn‘atm(‘nt is followed 
by injection of chorionic gona.doiro|»hin ( LH i-Iuteotrophin), lut(*inizalion 
of the ovary takes place; sometimes the ovary becojnes giM'atly (*idarg(*d 
and tender owdng to the formation of a *’ lut(*in tumour ” : prog('st(*ron(* is 
secreted and the uterine mucosa passes into the ]>rog(*stational ]»has(‘ ; 
pregiiam*diol excndaon in the urine rises mark(*dly. Some H) days aft(*r t in* 
last injection menstruation s(‘ts in (Fig. bbS). Some pr(‘viously stt'rih* wonn'ii 
have be<m li(‘ljK‘d to beconn* pregnant by such tr(‘atnu‘nt. 


RELATION OF DIET TO SEXUAl. FLJNC’TION. 


VITA.VI IN-A’ ‘ 


Experimental work in the rat has shown that i?i lliis atdmal two of the 
vitamins (-A' and -A) are relaLxl closely to normal functioning of the 
rejmxluctive aj)paratus. It is not known whether the same* is the case in the 
higher mammals. 

(1) Vitamin-^ is found in highest concentration in the embryo 
of wheat, in most commercial oils {e.g. olive oil), in seeds and green 
leaves; there is little in milk fat and none in cod-liver oil. Jt is 
present, but not in high concentrations, in animal tissues, chiefly in the 
fat and muscles. Chemically it is a tocopherol with tlic constitution 
indicated below. 
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^ Syinposiimi Viijinjin-Zv, Ann, N.Y. Acad. ScL, 1U4U, o.'j, Uli 42S. 
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R-i, Rg, and R 3 are alkyl "roups. »SoveraI forms of tocoplierol have been 
isolated. Tn ^-tocoplierol, Rj—Rg—Rs—CH 3 . 

Effects of Absence of Vitamin-E .—In the nuxle rat atrophy of the semin¬ 
iferous tubules eventually occurs. In the female rat, cestrus, ovulation, coitus, 
and implantation of the ovum in the uterus occur normally. The embryo 
develops normally until the eighth day; further growth proceeds slowly 
and before the twentieth day death of the foetus occurs. The maternal part 
of the placenta may go on growing and the mother increases in weight, 
suggesting that the vitamin is essential only for foetal development. The 
embryo shows maldevelopment of blood vessels, blood cells, yolk sac, and 
allantois. If the vitamin is given on the fifth day of pregnancy the foetus 
can still be saved. If animals are fed on diets rich in -E and then placed on 
diets from which the vitamin is absent, they retain fertility for three or four 
months. Excess of vitamiii-7^ does not iii(;r(‘.ase fertility lu^yond the normal. 

Vitamin-ii' concentrates have been administenid during pregnancy to 
women suffering from habitual abortion ; though claims hav^e been made 
that such treatment was of benefit, many obs( 5 rvers are unimpressed witli 
the results obtained. 

Vitainin-7i’ (h^iicicnev in the rat is said to to the d(‘VcIoj)in(Mit of 
omsetibir (Itfslropliif wliicli can be cured by administration of n-tocoplun'ol.' 
The vitamin has Ikmmi used with occasional success in the t reatimmt of clinical 
myo])athies.^ 

(2) Wlien the diet is deficient in vitamin-il, sexual maturity 

is delayed and ovulation is infrequent; there is extensive keratinization 
of the vagina and continuous shedding of horny cells which obscures the 
normal changes which occur during the mstrous cycle (cf. p. 1074). 

IMIVSIOLOOV OF PREUNANCY. PARTURITION. 

Physiological Changes in Pregnancy.-t- Tho princijial changes taking 
jilace as a result, of pregnancy are considered in various parts of this book, 
'riie more important matters dealt with are the following : 

(i) l)evelo]»ment of the placenta (p. 1080). It must be omphasizeil that the 
j)la(*enta is also an organ of internal secretion, forming in women chorionic 
(jonadotrophin wstrogen, and progesterone(seehc\o\\and Figs. hfiO,070). Tin* role 
of the placenta in ftrtal respiration is dealt with on |)p. 1097 ct seq, 

(ii) Increase in tln^ size of pregnant uterus, relaxation of th(‘ ]>elvic 
ligaments (]>. 1081), and eidargement of the birth canal. 

(iii) Formation, jiersistence,and degeneration of the corpora hitea (p. 10 ( 57 ), 
and cessation of ovulation and menstruation (]). 1081). 

(iv) l)evelo])ment of the breasts (p. 1092) and the onset oUuclation (p. 109.‘1). 

Excretion of Hormones in the Urine during Pregnancy. ( 1 ) 

(Estiiooen (Fig. 6(59). There is a progressive increase in the urmar}' 
cnstrogeii (secreted by the placenta) which rises to its peak just before 
the onset of parturition. It is mainly in the form of oestrone combined wdth 

1 Einarson and Ringstod. The Effects of Chronic ViinmhuE deficiency on the Merrous 
Syfttem and Skrletal Musculalnre in l{ats\ (^ojienhagon 1938. 

^ Kabinovitidi ei at., »/. Neurol. Neunmirg, Psifchiai., 1951, 77, 95. 

“Newton, Physiol, liev.^ 1938, JS, 419; Rec4>iU Advances in Physiology, 7th edn., 
London, 1949, p.SG. 
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glucuronic iund ; alter deliverv, t lie total excredion rapidly declines. During 
j)n*gnancy the lilood (estrogen (‘oneinitration also rises and follows th(‘ sann* 
general coursi' as the e.xerelion in the urine (se-e p. .1077). 

(2) pKbXwNANEiuoL. The excri'tioii of progi*stluotie ill the urine in the 
form of pivgnanediol glucuronidt* rises. At. the i‘ighth wiM^k of pregnancy it 
is about U) mg. per 21 hours: at- llu‘ eml of pregnancy it averages St) mg. 
(Fig. 1)70). 'Jdie progesterone is derived mainly from the jilacimta and jiartly 
jierhaps from the corpus Inieum. Fr(*gnamMliol (‘xcri'tion persists aftm- 
ovariectomy. 

(3) (^loKinxic (Jo.NAiarrjnmni.x. During jnegnaiicy the placmita in 
irtinn'H forms cliorionic gonadrot rophin (p. lOSl). It ajipears in the urine as 
early as eight days after t he lirst misse<l period, when the jiregnancy has lasted 



Fin. tit)'.}.—Fxm-tioti ottKslrogen in rriijc in Piegiiant V\ oiiKai. 

Ordiiiun^ ; mu. |«T lioiir'’. 

«il .Marriaii c/ (»/., trmn iWvntl Atiniavra in Sr.r nmi lirpnnhlctifie 

('hlirchjil.) 

for less than a mojith. It ^*a(‘he^ its [xnlc at o() tit) davs, falls to a v'(*rv' much 
lower h'vel at 8t) days, tlnm remains sti'ady ami disapjiears a few' days before 
parturition (Fig. ()7U). It jjersists during the jnierpm'ium if placental tissue 
is retaiiKMl in the uterus ; it disajipears from the urine if the foitiis dies. The 
presence of chorionic gonadotrophin in the urine is, ajiart from c(*rta,in 
(‘.xe.eptioiial eonditions, convincing evidence of pnignaney ; it is the basis of 
the. various t(‘sts of jiregnancy (p. J08h). 

of hydalidifonn moh and e.sjiec-ially of the malignant tumour of thi^ placenta 
known as chorum-epUhdiotm. Fersistenna* of urinary ehorionic gonadotrojihin 
after excision of the tiirnour is evidence* of ineomph?te n^moval, and its return 
in the uriiiti indicates rtanirrenec*. of the growth. (.^jsi*s of teratoma of the tefutis 
in wliich the tumour contains chorionic tissue* also show^ a high urinary 
<*xeTetion of chorionic gonadotrophin. 

Ijarge amounts of this gonadotrofdiin can lx*, extracted from normal 
chorionic tissm*, or that grown in tissue culture or found in ])lacental tumours. 
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The physiological action ofchoriuiuc fj;onadot.ro|>hiij dcpciHls uu the. sp(‘(*j(is 
«jn wliicli it is tested. 

(i) Injected into women it acts like pituitary JJl plus liitcotropliin ; tli(‘ 
placenta. j)rx)l)al)ly secretes this liormone and thus helj)s to inainlain the 
activity of tiu* corpus luUmni during the first six montlis of pr(‘^r,i;incy. 
In cases of cliorion-epithelioina the. ovaries often confain iimlti|)le larj^e. 
luteinized follicles with ini|)risone(l ova. 

(ii) In rodents, on the other hand, injection of chorionic iionadotro])hin 
stimulates all the ovarian jjrocesses (follicular growth, ovulation, aiul corpus 
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( llolison, Rcvent Adnma'n in. Sex and Jteprnduetire /'hj/ithdo'ji/, t.'linr«*lijll.) 


luteuin formation) in the iidacl animal ; in the hypophysectoinized rodent if 
ju’oduces only lut<;inization. 

Pregnancy Diagnosis Tests. TJie high concenlrations of chorionic 
gonadotro])hin which appear in tlie urine in tht* (»arly stages of pivgnancy 
form the basis of the most reliable, tests for the diagnosis of pn^gnancy. The 
accMiracy of these tests is of the order of hh'h,. 

(1) zlscHHEiM-ZoNPEK Test. .The chorionic gonadotrophin of pn^gnant 

women produces a precocious fall ovarian cycle in an mat are imce. The 
technique is as follows : small quantities of urine* are injected several times 
daily lor 3 days into immature mice (3 - I weeks old). The animals are 
killed and examiiUHl on the fifth day. The essential (‘riteria for positive 
result (f.c. pregnane,y present) are the presiMice of bhK)d filled follicles (corj>ora 
haunorrhagica) or corpora lutea. 

35 
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(2) Friedman Test. —Hiiiiiau pregiiaiicy urine ])r(Kliices ovulation 18 
hours aftcM’ injection into virgin rabbits (in the absence* ol' the normal stirnnlus 
of copulation) (cf. p. 1080). 

(*‘5) Tests in Toads and Finxis. The tirst satisfactorv test in these 
species was that descrilied for the female of Xenopus brois (the South African 
clawed toad). Urine is injected into tin* dorsal lymph sac ; the* ])res(*nc<‘ of 
chorionic gonadotrophin is indicated by the shedding of numerous ova 
within 24 hours. 

8ubse(|iiently atalr toads (and even frogs) of many varieties liave b(*(‘n 
used, since chorionic gonadotrojihin also acts on the s(*miniferons tubuh‘s and 
causes dischargi* (.A' sperwatozoa into tin* urine within 3 hours of inj(*ction. 

(1) R.\t Ovarian IIvi’KR.kmia Test, (.’horionic gonadotrophin produc(‘s 
conspicuous l)y})era‘niia of the ovary of immature rats within b liours of 
injection. 

'fests (.*5) and (1) certainly give the speediest answers t(»the rjiiestion at issue. 

Urinary Excretion of Hormones. A short summary follows of the 
present state of knowledge of tlu* pres(‘nce oi' hormones in the urine. 

(1) Sex Hormones in I'RINE. (i) Derivatives a'stradiol: (estrone and 
(cstriol ([)}). 1077, 1(KS7). 

(ii) Derivatives of testosteroHr: aiulrosterom* and isod(‘4iydroandi()sterone 
(cf. p. 1110). LIrinarv androgens an* also dtiiived from tin* adn*nal cort(*x 
((•f. p. 058). 

(iii) Derivativi*. of propcstrnnic : pregnan(*diol (pp, 1080, 1088). 

The compounds in the uriin* have* a much low(‘r physiological poOujcv 
than tin* related substance* fornn‘d by the gonad from which tln*y an^ j)n*sunied 
to be derived ; tln^ urinary (wuistituents are excret(*d in tin* conjugat,t*d form 
(*ither as glucaironides or as sulphates. 

Adult mal(*s and females excn*t.(* both ovstrogem and andn»gen in the 
uriin* ; none at»j)ears in the urine of children till the age of six, aft(*r which 
the conc(*ntration rises till puln’rty. 

.Aft(*r castration, both men and wonnm may con tin in^ to (*xcrete both 
androg<*n and oestrogen in tin* urine, prolmbly derived from tin* adrenal 
cortex (p. 958). 

(iv) Gonadotroph I Hs. —S(*(*. p. 1088. 

h\)r urinary hormoin*s in prepnanvp p, 1087 ; during tin* c^c/c 

sec p]K 1077, i080. 

(2) Antidii'RETIC Hor.moxe. This liormoin* appears in the urine in tln^ 
following circaiinstances : (i) in staO^s of dehydra.tion from w^ater deprivation 
(]). bb) ; (ii) after various (^xperirin*ntal conditions wdiich increase tin* activity 
of tin; hy|)othalamo-hyj)o[)hyseal system, o.g. emotional states, injection of 
nicotine, acjctyhjholine, or iiypert.onic saline (p. 55) ; (iii) in some cases of 
ascites (p. 822). 

The Kangaroo-rat ('’ desert rat ”) that lives in the torrid arid areas of 
Arizona reduces its urinary water loss to an extraordinary degree by intense 
secretion of ADH. The urea concentration in the urim; may rise to 3-ti M 
(=over 20%; maximal urea concentration in man about 4%) and the 
electrolyte concentration to 1-2 N (ecjuivalent to 13% of NaCl). The ADH 
content of the urine may be 59 iniiliunits per c.c. (the maximum in laboratory 
rats deprived of water for 72 hours is 6 m.u./c.c.).^ 

^ Ames uihI Van l>yk(;, Prtic, Site, exp. Jiiol. Med., IU50, 75, 417. 
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(3) Aduknal CoR'ricoiDS (so-called 1 l-oxysteroids). -Bee j). 1)54. 

(4) Neutral 17-kktostp:roids.— Bee p. 952. 

Control of Parturition.^—The neural division of the pituitary is 
probably one of the many factors concerned in the onset of parturition. The 
following: observations are relevant to a general consideration of the question. 

(i) Progesterone in experimental animals delays the onset of parturition. 
If the corpora lutea are made to persist longer than usual by injection of 
suitable anterior pituitary extracts the period of gestation is correspondingly 
prolonged. But as has been emphasized, in women injected ])roge8terone 
sets up uterine contractions (p. 1082). 

(ii) Oestrogen, injected ex})erimentally e.V(ui in huge doses has no influence 
on the course of ])regnancy. 

(iii) P.6le of Nervous iSgstetn. -Parturition can occur after division of tlie, 
spinal cord in the mid-thoracic region or after section of the sympathetic 
nerve supply to tlu^ uterus. 

(iv) Oxytocin. Pregnant animals with experimental diabetes insipidus 
due to hypothalamic lesions have difliculty in delivering their young (dystocia). 
They Tuay be unal)le to expel the uterine contimts at all, or only partially, or 
may die of greatly prolonged labour. The atrophic neural division in this 
(‘ondition is almost comf)letely devoid of oxytocic content. The secretion of 
oxytoenn is probably under nervous control ; in these experimental animals 
no oxytocin is being secreted, and the failure of ])arturition may be due to 
lack of ess(mtial oxytocic hormone. It is not yet known whether the amount 
of oxytocin secreted is increased at the time of parturition. In some species 
the sensitivity of the uterine musculature to the stimulating action of oxytocin 
increases towards the (Uid of pregnancy. 

The (!ause of parturition remains a mystery. 


MAMMARY (R.ANDB. 8ECKETION OF MIT.K ^ 

Structure of Mammary Gland,-- The mammary gland consists of a 
series of diwts, which branch to give rise to t^rtninal tulrules ; these in turn 
lead to t he alreoli. Covering the external surface of the epithelium of the 
alveoli and ducts an» numerous elongated, branching, longitudinally striatt^d 
c(5lls which constitute what has been called myoepithelium.^ The presumed 
contractile function of tlu‘se cells is discussed on p. 1094. 

The breast arises as an invagination from the surface epithelium which 
dips down into the underlying connective tissue as solid columns of cells ; 
these gradually become hollowed out to become ducts. At hifth the breast 
is rudimentary,and consists essentially of the tiny nipple from which radiate 


' Reynolds, l^hysiology of Ulerua. Lutidou. 2nd edn., 1950. 

“ Jyocb in (.V>\vdry, Cytology, vol. ii., New York, 1928. Turner in Allen, ISa 

and hilernal Secretions, 2rid edn., Raltimore, 1939. American Medical Association, 
Glandular Physiology and Therapy, ("hicago, 1942. Polly and Mulpress, in The Hornwtms, 
1948, i, 695, 745. Symposium on “ Lactation : Function and Product,” Brit. med. Bull., 
1947, 5, 123. 

’ Richardson, Pror. ray. Sor. B., 1949, 730, .30. 

* Secr<*tion of a Huid wJiidi resembles colostrum (ef*. 1095) may occur in the lU'wiiorn ; 
it is attributed to slight growth and activity of llu^ glands <)f the feetus just preceding 
birth due to maternal hormonal iniluonces. 
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a few ducts. Little further development occurs until the time of puberty. 
The changes which occur at puberty in the female vary considerably with the 
sj)ecies studied ; in many, including the human subject, there is considerable 
growth and branching of the duct system ; in others there may also be 
foriiiation of glanduliir tissue. With the recurrence ofeacli s(*xual (nuMistruMl 
or tt'strous) cych' llu* gland undergoes further proliferative change's ; t hough 
this is followed by sonu‘ degree of regression, on the whoh‘, |)n»gn‘ssive (‘u- 
largement takes ))lact‘, which is due in part to inert'ased (h*j)osition of fat. 
Between each menstrual period (in women) there is hyperaemia of the breasts, 
increase in the interalveolar stroma, and possibly new formation of alveoli ; 
these changes arc transient. 

During pregnancy the breasts enlarge greatly and become mark(jdly 
changed in structure. During the first half of pregnancy, there is further 
duct development, but this is now accompanied by the appearance of many 
alveoli which form lobules. No milk is seern'ted by the gland cells at this 
stage. J)uring the smutd half of pregnancy th(‘ epithelial cells swell ami 
there is gradual initiation of secretory activity with slow accumulation of 
milk in the alveolar lumina. The further enlargement of the breast which 
takes place at this stage is not due to an incr<^a.s<‘ in tlu‘ mass of glandular tissu<‘ 
but to distension of the tngan with its sec.rt'tion. Massage of the bnfast may 
s(jueeze out some of this milk. 

Control of Breast Development. —This is due to the complex action 
of a number of hormones ; wstrogen and progeslerune are the j)rima.ry agents 
responsible for manimary growth, but. they appear to work best, with the lielp 
of the anterior pituitary and thyroid glands. Tin* details of the (‘ontrolling 
mechanism varies a go(»d d<'al with tlui specit's. 

(1) Action of (Estrogen .-The inji'ction of (estrogen into normal or cast rated 
animals, male or female, caus('s thickcuiing of the nipple and markc'd growth 
and branching of tlie ducts (Fig. 071, 2). These results probably account 
satisfactorily for the duct chang(is which normally (»ccur at puberty. In 
most spetues (Ostrogfui caus(*s litth* or no glandular develojmient, l)ut in 
some animals, e.g. cows and goats, (oestrogen administration can not only 
producH* alveolar development Initeven s(‘cretion of milk ; tlu'se latt.cu- effects 
of (nstrogen may be mediated via the anterior pituitary. 

(2) Acli<pn of Pr(fgest crone. Progesterone given alone, when the bn*ast is 
undeveloped or following its growth under o'strogen tn'atment, produc(*s no 
changes. But when given together with o'strogeji (v.c. irt sanu* time), marked 
glandular develo])ment occurs, which may ultimately be (*(juivah*nt to that 
attained at the end of th(‘ first half of normal j)regnanc.y. No secretory 
changes, however, occur (Fig. t>7l, .*1). 

(3) Role of riacenta .— So much for th(i clfects of injection experiments. 
In the pregnant animal, however, it must be borne in mind that the placenta 
forms both oestrogen and progesterone ; in fact it is probable that the placenta 
is the only source of mstrogen in the pregnant animal, and that none is formed 
by the ovary itself. Thus, if the ovaries arc removed in pregnant mice and 
the placentae happen to be retained, mammary development proceeds quite 
normally, indicating that adequate oestrogen and progesteroiuj secretion still 
take place ; the same result occurs if the foetuses as well as tlie ovaries an^ 
removed and the pla(',entai are r(;tained. If, however, the placentie are also 
aborted following ovariectomy, the breasts ra])idly regress. 11 is (dear, therefore, 
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t hat th(‘ [)lacciita is an itnpnrtarit organ of inttTnal s(‘cn*tiuii in relation to 
breast (h'velopnuvnt rliiring pregnancy ; its lnM*mon(‘s stimulate proliferation 
both of duets and glandular cells. 

( I) An intact nrrvc -vapp/// is not essential i'ov the growth of the manmiarv 
gland during prf‘gnancy. Tims, if the breast is eomjdcdely transplante(i, 
t hus sev(‘ring all its nervous conneetions, it tnav grow durijig ))n-gnancv, and 
bmetion, altlunigh sonu'wliat inetticiently, aft(‘r parturition. 



I‘'fo. (i71. Horiiioiiiil ('()iitn)l of BrcMHt Urvelopinriit in tin* inu. (After'rurner, 
in >SV.r (Hid luicrnal Secret and Newtnn, Hecent Aitcftnrcs in I^hifsiohnjif, 
(’Inircliill.) 

I. Nippl*' of I'astratra rat. 

■J, Durl (li-vrlopiiii'iit lu'odufctl liy 

‘A. Alvrolar (Kt'iiiduliir) <Jrvi'IopiiH'iit pro(|iirr(l liy rombiiuM] tirntnif iit \viU> o'sfroi'«*n and 
proiirstfioin*. 


Lactation.^ —Though some secretion is present in the breasts during 
th<* latter })art of jjregnancv, a frer flow of milk is (‘stablisli(‘d oidy sutne 
days after delivery of the child. It has bc(*n suggested that secretion is 
in]iibit(Ml during pregnancy by some influence (‘oming from the placenta or 
from the distondtal uterus ; thes<». factors would be nunoved at f)arturition. 
.41ternatively, as ex[)lained Itelow, the secretion of milk requires f)()sitiv(‘ 
stimuli which only ap])ear after parturition. 

Lactation consists of two distinct })ro(‘esses - : (i) milk serretinu, i.v. the 
' Ftevised by (lyril A. Ktnde. - Kollev, Hrit, mcd. Unit., HUT, .5, l.’jr), 14l\ 
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synthesis of milk by the alveolar epithelium, and its passage into the lumen 
of the gland ; (ii) discharge of milk from the- breast, 

1. Milk Secretion.—The actual secretion of milk by the mammary 
gland, unlike that of most externally secreting glands, is not under direct 
nervous control; the stimulus to the alveolar epithelium comes mainly 
from the anterior pituitary, through its secretion of prolactin and other 
hormones which initiate and maintain lactation, and also from the thyroid. 

(1) Pr()LA(’T 1X.^ This pituitary gona<iotrophiri not only promotes pro¬ 
gesterone secretion (j). 1083), but is also one of the important lactational 
hormones. It can only act on a breast that has been (;a,iis(»d to grow under 
oestrogen-progesterone stimulation. It acts directly on the gland alveoli. 
Thus if it is injected into a duct of a suitably pre]>are<i breast, lactation is 
produced only in the corresponding alveoli and not in adjacent on(‘s whicli 
lead into an independent duct. Prolactin cairses the (‘pithclia! C(‘lls lining the 
alveoli to increase in size and number, atid many an* cast off in the fir.st milk 
secreted. 

There is evidence that prolactin secretion is stimulated l)y sucklinij, 
probably via a nervous pathway to the hypothalamus, and tlnujcc* by means 
of the neuro-humoral mechanism described on p. 931. 

(2) Other Anterior Pituitary Hormones.— It is jirobable that 
prolactin is optimally effective only when acting in conjunction with 
adrenocorticotrophic hormone, which in turn stimulates the adrenal cortex to 
secrete its corticoids ; this fa(!t may account for the failure of ])rolactin alone 
to increase? a poor milk flow in women. Growth hormone may be (*onc(‘rm‘d in 
the formation of the constituents of the milk. 

(3) Thyroid. —Normal thyroid function is also necessary for the main¬ 
tenance of lactation, and in some species (including man) administration of 
thyroid substance (or thyroxine) helps to restore a declining milk flow, 
lodinated casein, which contains thyroxine, has becni found j)articularly 
effective in raising the milk yield of cattle. 

2. Discharge of Milk.—The discharge of milk from the mammary 
gland depends not only on the suction ex<?rted by the infant, but- also on a 
contractile mechanism in the breast which expresses milk frciin the alveoli into 
the ducts. 

It is well known that in the cow the amount of milk j)reseiit in the cisterns 
and larger ducts at the commencement of milking, is only a small fraction of 
the total quantity which can ultimat<*ly lx* collected. It appears that stimula¬ 
tion of the teat j)roduc(»s, after a brief interval, a sudden rise in milk pressure 
in the udder, (“ let-down ”) and only after this phase has occurred can tin* 
full milk yield be obtained. A similar rise of pressure in the ducts, called the 
“ draught,” occurs in women in response to the stimulus of suckling. Both 
“ let-down ” and “ draught ” can also be produced by injection of oxytocin. 

The physiological sequence of events is probably as follows : stimulation 
of the teat or nipple causes nerve impulses to pass (via some unknown 
pathway) to the supraoptic nucleus and thence along the hypothalamo- 
hypophyseal tract to the neurohypophysis causing the release of oxytocin 
into the blood stream. The oxytocin is then carried to the mammary gland 
where it produces contraction of the myoepithelium surrounding the alveoli, 
thus expelling their contained milk into the ducts, which an^ m(*anwhile kept 
^ White, Vitamins and Uormonef*, 1949, 7, 
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npcii l)v tin* contraction of t-ljcir Jon^itiniiiuiJly arranged myoepithelial layt‘r. 
This suddim outflow of oxytocin into the blood stream fuobably also caus<‘s 
the uterine eontracti(ms wliich are known to follf)W sin^kling during tin? 
})uerperiuin in women. Thus suckling acts l>y neuro-liuinoral mechanisms to 
cause both milk s(‘cretion and milk discdiarge, and it is (*.asy to understand 
how m?rvous and f)sychologic.a] factors, acting via tln‘ liypothalamus, can 
inHuence lactatio?i. 

If milk is allow(‘d to accnmnlate in the breasts, and is not remov<‘d, the 
ghijid in volutes (y’.c. regresses). Tlie absence of suckling d(‘.j)riv(‘s the anterior 
])ituitary of the stimiiius which normally causes it to secrete j)rolactin and 
A(TU. 

Lactat ion is asso<*iated with a delay in the return of the menstrual periods 
and ttunporary sterility, presutnably owing to ?ion-secretion of the other 
gonadotro|)hins (FSU and LH) ; but woimm oftem become [)regnant again 
while nursing. 

Composition and Properties of Human Milk.—The Huid secreted 
during the first three* days after parturition is called coloslrum. It is deep 
yellow’ in colour and rich in protein and salts ; it is coagulated into solid 
masses by heat, or eveti spontaneously. It contains large granular bodies, 
called colosfnnn corpuscles, w’hich represent either discharged alveolar cells of 
the gland, or else leucocyt(‘s loaded with fat. These corpuscles are abundant 
ill the first few days, and disapj)car at the end of the second w’eek. 

Tin* milk formed during tlie first few weeks is called the internuMliate or 
transition milk. Mature, milk apfiears at the end of the first month. 

The accompanying table indicates tin* composition of colostrum, 
mature human milk, and cow's milk : 
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Pill. 

Ash. 
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Mailin' liuman milk 
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Cow’s milk (averages) 

i 

4*7r> j 

8-5 

o-7r» 

j 

014 1 


The differences between human and cow’s milk are very striking ; human 
milk contains considerably less protein, less salts, and more sugar. 

(1) The protein content of milk is highest in colostrum (8-5%), and falls 
during the first few weeks (2-25%) to reach a fairly steady level of about 
1*25% ; it diminishes rapidly towards the end of lactation. Two proteins are 
found : 

(i) Caseinogen is precipitated by weak acids ; it is converted by rennin 
into calcium caseinate which is insoluble in water, but is easily digested by 
gastric juice. 

(ii) LactdHumin ; resembles serum albumin. 

In human milk there are about two parts of lactalbumin to one part of 
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caseinogen. In cow’s milk the proportions are very different: the caseiiio^MMi 
is six times in excess of the lactalbiimin. Allowing for the difference in the 
total protein content of the two kinds of milk, it follows that cow’s milk 
contains about six times as much caseinogen as human milk. The caseinogen 
of cow’s milk in the stomach forms large solid masses wdiich are relatively 
insoluble. Its exact chemical composition, too, is different from that of 
human caseinogen. When human milk is treated with rennin or (lilut(‘ 
ac(‘tic acid, liiu' flocculation occurs. 

(2) Fat of milk is in the form of minute globules whi(di an‘ vnfulsijial 
by the dissolved albumin : the fats chiefly present ar(‘ triolein, tristearin, 
and tripalmitin. Free fatty acids are only found in minutt‘ amounts ; cdvv's 
milk has about eiglit times as high a fatty acid content. 

(.‘1) Tin* carbohydrate of milk is tlie disaccharide lactase. 

(4) Th(‘ ash contains fV/, A', .V</, Cl and P, but <)nly traces of in»n : fids 

very low iron ronfcnl is noteworthy. Human milk contains only of 

Ca (against 0-1T’^ cow's itiilk). 

(5) The ritaniin content <»f milk depends on the maternal diet. For 
human milk th<^ average values are : -.,4, 3(H) i.u.: thiamine, 10 i.u.; -(\ 6 mg. : 
-I), 1(4 i.u. per 100 c.c. ; the averagt* valu(‘s for cow’s ndlk are approximately 
the same, but the -C content is lower (2 mg 

Origin of Constituents of Milk.- The specific constituents of milk are 
elaborated in the gland cells from certain raw materials suj)pli(‘d by the 
blood, (i) Lactose is derived from the glucose of the plasma, (ii) Proteins of 
milk come from the [»lasma amino-acids and proteins, (iii) Fat is fornual 
partly from neutral fat of the blood and partly from acetate. 

t\)Ni)iTi()NS .\kfk(‘tino (.V)M POSITION OF Mii.K. Milk is richer in young(*r 
women. It is unafb*ct(*(l by the return of menstruation, but is adv(*rsely 
influenced by illness or by emotional disturbanc(»s. 

(1) Effk(’t of Dirt. —The <piantity ami composition of milk b(*ar a com¬ 
plicated relation to the diet. Fundamentally a good milk can only he formed 
from- a good diet. A superahandant diet do(*s not imu’case the total yi(‘ld or 
richness of tlie milk unless the |)rotein content is increased. If the di(‘t is 
inadequate^ it is found that early in lactation the l>ody tissues are used to 
form milk, which is not reduced much in amount, and weight is lost; late 
in lactation, liowever, t he yield of milk is reduced. The vitamin conttmt of 
the milk depends on the amount of th(*.se substances in the diet. Alcoholic 
lifjuors, like stout, may .serve to fatten the. moth(>r, but it is very doubtful 
whether they improve* tin; (juality of the milk in any way. 

(2) Excretion of Dkuos in Milk.- Many drugs ingested by the mother 
may be excreted in the milk, and it is useful to distinguish two main groups : 

(1) Those which may have actions on the sucMing infant, (i) Bromides 
may cau.se drowsim^.ss and papulo-]m.stular skin ciruptions. 

(ii) Morphine: addiction to morphine has becui reported in children of 
mothers addicted to the drug. 

(iii) (k;rtain purgatives, e.g. aloes, phenolphtlialein and calomel. 

(2) Those which have, no actions on the infant. .-In a number of cases 

drugs may pass from the mother into the milk in measurable concentrations, 
but no pharmacological actions can be observtid. 

(i) Sulphonamides: tln^ concentration in milk may e(pial that in blood 
(e.g. 10 mg./lOO c.c.). 
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(ii) PniiriUin: tlio milk cuiicfnlratuni is not, mon^ than I /IO flu* Ijlood 
level. 

(iii) Nuutfijtc: heavy smoking by tin* mother may produce a milk nieotira* 
eoneontratioii of O o m^/L, but this do<*s not hariri the 1»al»y. 

(iv) liarlnturates, e.r/. barbitom* and phenobarbilone. 

(v) Ethyl airohol app(^ars in milk only in traces, a ml d(H‘s not cause 
intoxication of the infant. 

(vi) Iodides^ saiirytates, (ptinitfe, and atroyitte an*, onlv found in traces in 
milk. 

F(KTAL RK8PT1{AT]()N ^ 

Foetal Respiration.^— The fwtal eire.atatio)i is l>rietiy dc‘scribed on f>. 3‘il. 
Tile jilaccnta. is both a maternal and a beta! orjian. It contains larec (maternal) 
blood sinuses receiving arterial blood from the uterine artery and returning 
it to the veins. Numerous foetal chorionic villi dip into these sinuses across 
which gaseous int(‘rchanges take place. The probable relationshiy) between 
the brtal and maternal circulations in the human placenta is illustrated in 
Fig. 072. 

The following analogy may usefully be drawn between the fadal and post- 
natiil methods of resjiiratory exchange. If tlu* yrlacenta is regarded as the 


MATERNAL SINUS 



(J72.—HrJation.ship lietween am] lVlal<*riial (’irculatirm in tlic Muinaii Placenta. 

(Newton, Jiecent Advances in Physioloyi/f Cliurcinll.) 


equivalent of the lungs, then the maternal sinuses rejiresent the air sacs ; the 
uterine arterites and veins, the respiratory passages ; the umbili(?al artery 
and vein correspond to the pulmonary artery and vein respectively, and the 
chorionic villi to the pulmonary capillaries. The* blood flow through the 
maternal part of the placenta represents the pulmonary ventilation, while 
the capacity of the maternal sinuses can be regarded as the etjuivalent of 
the resting content of the lungs. 

The oxygen and nutritional needs of the foetus and the amount of (X)*, and 

I Biircroft, Jiesenrehrs on PranaUil Life, Oxford, 

-'rh(' reader must first roview the normal methods of oxygen and (X).. transport, 
pp. 101), 414. 

35 * 
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wasto products that have* to he eliminated increase as pre^niancy advances ; 
ill the human suhji'ct they l)ecome lar^e dnriii" the last 3 months and especially 
in tlie last month when iVetal frrowth takes ]»lac«5 most rapidly. It may 
he stated that if tin' exchaii'fes in the placenta an' aih‘(jiiat<* to meet the 
fa'tal iu‘(‘ds for oxfjtjcii then all tlu^ otlitn* rei[iiirements can l>e satisfactorily 
(h*alt with too. In the followinir discussion s]>e(*ial attention will la* juiid 
to the |)i*ohlem of oxy^^en supply. It may la* usid’ul to recall how incre.as(‘d 
oxy^tMi su|)plies an* ])n)vid<Hl for the miisch‘s durinji vi|i(orous ex<*rcist*, as 
analoirous ehanu(*s occur durinu jire^nancv. In cxi'rcisi* (pp. 133 rt srq.) the 
jiiilmonarv vtuitilation is increasi'd (s^‘ increasing tin* availahh* (L), the hlood 
How through tin* hums rises (increasing the oxyj^i*!! uptake* hy the hlood) and 
a ^ri*atlv increased hlood How isdivcrt(*d to the muscles, which extract a lar«jj(*i‘ 
fraction of tin* availahh* Oo than at rest (incn'asc'd arterial-ve*nous oxygen 
diff(*n‘nc(*). The eepiivalent series of a<laptations which take |)lace, in 
[ire^nancy are di.scussed hi*low. 

1. Uterine Blood Flow. —The lilood flow through the maternal part of 
the uterus is greatly increased, perhaps finally (in the rabbit) liy twi'ntyfold ; 
(this change corresponds functionally to an increase in the pulmonary ventila¬ 
tion.) In this way the oxygen supply made available for the growing hotiis 
is correspondingly increased. Tnitially, the augmented oxygen supply 
exceeds the needs of the still tiny fmtus, so that the hlood in the uterine vi'ins 
may leave almost fully saturated wdth oxygen, convincing testimony that 
tin? fa*tus has abstracted very little, l^ut as pregnancy j)roc<‘(*ds. IVutal 
growth accelerates far more rapidly than does ut(*rin(* blood flow; it is then 
found that a })rogressiv(*ly greater proportion of the oxygen brought t(* the 
ut<*nis is t.aken u|> by tin* f(i*tiis and the blood which h*a\'<‘s in tin* uleriin* 
veins becomes less and less .saturated with oxygen (Kig. <>73). Just before 
parturition there is a sudden fall in the uteritte blr»od (low whi(‘h may r(‘prcsent 
a f)re[)aratorv prot(*(*tiv(* closing-down of the plac(*ntal circulation. 

2. Foetal Changes. Tin* cardiac out put of the Imtus incr(*as(*s thrriugh- 
out pregnancy in direct projiortion to the increast* in its body weight; the 



Fn;. - rierine Blood Flow and Fretal Needs in the Rahhit. 
(After Barcroft.) 

1 ■ . blood How throujzli iircmmnt iiittrus ; F wol^ht ol betiis ; M b purcc,ntiiK«* 
saturation with oxy)i»*n of blood in un;rii)e veins. Just prior lo parturition 
(at days) tbt^ iitcriiK-. blood flow der.llrios ; uftf>r parturition the oxygen 
saturation of tin: blood in tiie uterine vciiLs returns to uurnml. 
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hlo(xl flow (via. the uml»ilicfil artery aiid vein) thnni^h the fa‘tal pari of the 
placenta (the chorionic villi) jiresuinahly iucrea.ses to a similar degree. [This 
corresponds to an increase in the blood flow through the lungs, which enables 
more oxygen to lx* taken up.J The maximum oxygen-carrying power (i.c. 
hoemoglobin concentration) of each unit of fadal l)lood, however, remains 
unaffected. ’But, as already explained, the proportionate increase in the size 
of the foetus (in the human being from the microscopic ovum to the 7-lb. 
baby ) is much greater than that of the phuM-nta. Though the blood supply 
to the placenta may increase twentyfold, the oxygen luaxls of the fmtus 
rise in an almost astronomical manner. 

To meet the requirements of the fcBtus 
certain fundamental modifications 
occur in the oxygen-binding properties 
of its blood. 

Oxygen Dissociation Curve 
of Foetal Haemoglobin. All the 
hjeiiujglobin in t he blood of the t‘arly 
fo‘tus is of the so-ctdled fafni tvjje : 
it can be distinguished from adtdf 
hiemoglobiu speetrugraphic-nlly, by its 
characteristic electro])horetic ]m)bilily. 
and in other ways. The adult type 
b<*gins to a|)|)ear in tin* blood at mid- 
pregiuincy when the boin‘ marrow 
lM‘gins to function as a Invmopoietic. 
organ. It forms tJ'h) total 

circulating luemoglobin at the 20th 
week of pregnancy, *20‘\, at birth, 
oO^y, al 2 months ]K)st.-natal, and 9()‘\, 
at 1 months.^ Th(* last t.w<.) values 
suggest that, the fVotal typt' of Jia*im>- 
globin is not formed after l)irth and 
that the corpuscles (‘oiitaining it are 
<lestroyt‘d during the first \ months or 
so of |H)st-natal life, as would be 
expected from tlie known survival 
t inu' of circulating n*d (m*11s (p. JSO). 

The outstanding functional characteristic of fVetal luemoglobin is tliat its 
oxygen dissociati<m curve shows a marked sfii/f fn the left compared with tlie 
eurv(‘ for adult maternal haunoglobin (Fig. ()74) ; (this difference is not the 
result of diflenmces in />ll valiu* or (X)., pressure*). As a result, fadal blood 
can take up much large*r voluiiii*s of oxygen than adult blood at low O.^ 
pn*ssun*s. Tluis at 20 nun. Og pressure? fmtal ha‘nie)g1obin is 70\*,^ saturated ; 
at 40 mm. it is 90^),', saturateMl. The ce)iTe*spondiiig ele.*grees of saturation for 
aelult liaL*me)gle)l:)in are about 20‘\> anel 70‘)(,. 

4. Gaseous Interchanges iii Placenta (Fig. (>75).-- Direct determinatious 
(in the cow) showed that in tlie mother tlie arterial blood w'as saturated 
with oxygen, and at an Og i)r(\ssnre of 70 mm. Ilg ; the blood in the uterine 
Venn was 70^)0 f^aturated, anel at an O.^ pressure of 41-5 mm. In the fmtus 
^ Boaven ci al., liiocMm. J 1951, tU, 374, 



(>74.—Cliatiirt'S iji Oxyh.'Mtioglohiu 
Oissoiiation Curves in Pregnancy. 
(JJoo.s and Reunijn, J. f*hysird.. lO.'fs, 
l'()I.) 

'I’hr .’irf.'i mvers the raiipe of dissoeiation 

curves td' the iiorinul adult cow. The con¬ 
tinuous line on the ll^fl (A) is the curve of tlie 
fo'tal blood. Tlic interrupted line on the. 
rijrhl (13) is the curve for the maternal hlo«)d. 
Cow jireurtiant 8 months. CO, pressure 
4:3 4:> mm. lln. temp. :3.S o® e). 
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iIk‘ oxygen l)r(>ssiir(^ of the blood in the uiubilioal artery wns o-b mm. ; that 
in tlu‘ vein was Jib mm. As tin* blood flows through the maternal sinuses 
tln^ (>2 f)r(‘ssun‘. falls from the arterial to the venous pressure; level (z.e. from 70 
to 1 l b mm.) ; as tin* ehorionie villi dip in at many points along tin* maternal 
sinus (Fig. (>72) they are exposed to an average ])ressure scmiewheri; between 
the arterial and the venous. Nolhiyu) like pressure equilihrium is attained 
between the maternal and fo?tal blood in the placenta ; thus the 0^ pressure 
in beta! blood leaving the placenta in the umbilical vein (1 l*b mm.) is 30 mm. 
lower than the lowest })ressUn‘ attained in the matt‘rnal siiiust*s. The main 
reason for the unsatisfactory rate of dilfusion is pr(‘sumably structural : in 
the lungs the oxygen in the air sacs is separated from the juilmonary caj)illarv 
blood only by two thin endotlH‘lia (of alveoli and ca[)illaries). The fo;tal 
capillaries, on the other hand, are cov(‘red by much thick(;r and [)resumably 
miudi less perineabh* cell layers. Th(‘se data make it cm’tain that, tin; (>2 



Fui. 07^. Gaseous Interchanges in the Pla»*enta (Cow). 

(Koos and llomijn. J. Physiol.^ 1)2.) 

M-.-mother; F-afoBlus; P^placcula. 

The arrows show the direction of flow of Uk* maternal and fuctul circulm 
and the direction of pastsa^e of CO| and O,. 

transfer to the fa;tus can lie fully accounted for by simple diffusion proc(*sses. 
If the foetal blood had the same oxygen-binding properties as are found 
after birth, very grave anoxic symptoms would dev(‘lop. An Og pressure of 
lib mrn. (Fig. 071) would then correspond to an oxyg<*n saturation of less 
than 1U'\^ ; in actual fact the fmtal arterial blood is bO'},', saturated, owing 
to the change*, in the Inemoglobin d{;.scribed above. The distinctive prof)erties 
of fojtal haunoglobin thus enable it to takt; up large (piantities of oxygen at 
very low oxygen pressure, and so U) overcome the twin disadvantages of a 
poorly permeable diffusion membrane in the jilaeenta and of conifiaratively 
low (>2 j)r(*ssures in the mat(*rnal sinuses. 

The a>2 pressun; valu(;s in tlie same ex])erinn;nts w(*r(‘. : ut(*rine artery 
41 rum., uterine vein 4()*5 mm. ; umbilical artery 50 mm., umbilical vein 
48 rnrn. These, differences of COg pressure between foetus and mother, 
coupled with the much higher rate of diffusion of COg (p. 366), enalile COg 
transfer to be satisfactorily effected. 
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THK TKSTIS * 

Th(‘. testis consists of (i) Hvnihnfvrtnis tubule.^ wlii(*li form tli(^ sj)«*rms mihI 
(ii) inff'rs/ifial rclJs wliicli s(*(*r(‘te the undrofieij f('sft)sfrronr (Ki^. hTti). 

Seminiferous Tubules. Spermatogenesis. -The tulnihvs are lined hy 
a thin l){ise,!nent nieinbrane. internal to which ar(‘ the sprrfitafo</onlft. which 
divide to form .sy>c/>/a//oc///c.s*. TIh^sc in turn ^dve rise to inore media 11 v 
situated smaller (a‘lls with de(‘])ly staining; nuclei. th(‘ spcnnalids^ and linallv 
to sperwatozoa (sperms). The s|)ermatocytes iimhu-^n) a redactir)n division 
hy which their chromosome numlMU* is reduced hy half. /.c. to 21 comj)ared 
with 48 in somatic cells. The 24th pair (or sex ])air) of cliromosom(‘s in 
the male consists of two distinct entiti(*s called X and V. The reduction 
division produces two kinds of sperm ; half cemtain 28 chromosomes X, 
and the other lialf 23 similar chromosomes j In the ovum, the 24th (or 
sex) pair of chromosomes consists of two identical entities calh‘d \ and X ; 



xC SiMiiiiiirnoUM tul)ul«'s showinu Sonn- 07) 

an* srnn br.twmi Ihv (iibiilf*^. (Aftrr Cowdry. Tt\rt Jitmk of Uisfohti/ff, ln.Vo). 


after the reduction division all ova contain 23 chromosoim‘s X. The ovum 
may he fertilized hy either kind of sperm. Tj^norin^ the 23 chromosomes 
which are unrelated to sex. the result of fertilization may he : 

S[)erm X -|- Ovum X Ons])ring XX Ftunale. 

Sperm V -j Ovum X: Offspring XY Male. 

The sex of the offspring is thus determined exclusively hy the sp(‘rm 
and is quite independent of the ovum (j)opular helief to the contrary 
notwithstanding). 

Ill many species sperniat-ogcmesis occurs oidy during a restrichal breeding 
season. Jn man, too, no spermatogiMiesis occurs before puberty : l)ul 
subsequently the process takes place continuously until it stojis in elderly 
people. The sperms in the seminiferous tubuh's, in spite of their fullv formed 

* Allen, and Internal Secretions, 2m.l cdn., Baltimort', HKIU. Pohson. Hecent 

:\d.mncvs in Sex Physiology^ .‘Ird edn., London, IU47. Pincus and 'riiiniann. The. llornton.es, 
N.^^, 1948, / ; 1950, 2. Hooker, Recent PrtMjress Hormone Research^ 1948, 2, 179. 
NotMj»ii and Htdler, ibid.y 197, 228. Ifainilton, ihid., 257. Nelson, ibid, 1951, 6‘, 2St 
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incidence of pregnancy after carrying out artificial iiiscnii!iaiio]i with the 
spornis. 

^J’lie f(*.rtilizing f)OW(!r of sperms from the distal end of the epididymis is 
twice as liigh as that of s])erms from tlie ])roximal end. It seems therefore 
that the secretion of the e])ididymis normally exerts a, ” spermatotrophic ” 
action. If the (‘pididymis is tied off at both ends, the, sperms ndain their 
motility for hO days and their frirtilizing ]iower for MO days, if the testes 
are removed immediately after tying olT* the <*f)ididymis. both these periods 
arc reduced hy half. These effects of castration are dm* to absence of 
testicular hormone ; t]i(*y are overcome by inj(‘cti(>ns of androgen, vdiich 
restore the secretory activity of the epididymis to its normal state. If 
seminal ejaculation does not occur, the sperms in the (‘pididymis ultimately 
degenerate and undergo licpiefaction ; they an* not jjassed into the vesicuhe 
.seminales or voided in tin* urine. 

(2) Ductus i)Ki’KKt:.\s. 'Phis is lined l)y a powerful muscle coat an<l a 
columnar non-cilia ted (*pithelium. 

(M) Vksjuul.k vSkminales.—E ach vesicle is a muscular convoluted tube 
lim‘d by an epithelium which secretes an alkaline yellow viscid fluid which 
forms much of the volume of tin* ejaculated sem(*n. 

(4) IbcosTATE.—Tile glands of the prostate consist of many folIicl(*-like 
s|)aees leading into ducts. Tin?, (‘pitbelium of the follicles secret,es t in* prostatic 
fluid, wliic-h is thin and opalescent and gives the semen its charact«*ristie odour. 
13(*tweeii tJie folliel(‘s there is a good deal of mus(*.ular tissue. 

Prasfafir Fluid. TJiis fluid iu man is slightly arid iri reaction (pH- f>-4). 
It, is rich in ralrium and rifrafr (3o and lot) m.K(). /^li respectiv(‘ly) and in 
arid phosphatasr. Fluid expressed from the resting gland by digital eorn- 
pn'ssion contains lOO 1‘2(K) units of acid phosphatase per lOO e.c. ; fluid 
secreted during a ])eriod of sexual exeiteim*nt contains 4(KK) units 

(cf. ]). 1114). 

(5) BTUJiO-UKETHUAii (»LANDS.—These form a mucoid secretion which 
is discharged into the anterior (])enile) urethra. 

Seminal Fluid. —(i) 'Phe semen consists of the pr«)duets of the s(‘r!iinifer- 
ous tubules, the seminal tract (especially the epididvTnis) and the related 
glands, i,i\ the seminal v(*sieles, tlie prostate and th<* biilbo-urethrai glands. 
The fluid ])art is contributed chiefly by the ]u*ostat(‘ and seminal vesicles. 

(ii) Human semen is licpiid when ejaculated, but soon coagulates ii) vitro ; 
after 15 minutes it undergoes secondary liipi(*faetion. Sem(*n contains 
fibri?iog(*n and thromboj)lastin, but no prothrombin or thrombin. Though 
it is rich in calcium, the excess <;itrate (from the ])rostate) must largely remove 
the calcium from the ionic state. The mechanism of coagulation of semen is 
obscure, but it ])resurmibly involves the conversion of its fibrinog(*n into 
fibrin. The secondary lirpiefaction of the fibrin is due to a specific enzyim*, 
fthriiudysin, j>rosent in prostatic fluid. At 37*^ C., 2 c.c. of ]jrostatic fluid can 
liquefy 100-KKK) c.e. of clotted human plasma in 18 hours. 

(iii) The volume of semen is 2-4 c.c. per ejaculation, which contains 
on an average 200 million sperms. 

Male fertility is reduced clinically when (a) the total sperm count falls 
below 60 million, (6) more than 20% of the sperms have abnormal lu*ads, or 
(c) the motility of tlie sfierms in a fresh specimen of semen is impain'd.' 

(iv) SjKTms form hyaluronidase, an enzyme which liquifies tlie liyaluronie, 

' Farris, Brit. mcd. 1051, ii, 147U. 
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jicid found in iiiiiciis jind in tlio zona |>tdluoi(ia of the ovum. In tin’s way the 
s])enns citn pemUrate tin' normal plujr of miieiis in the cervix uteri and fret 
tliroufrii tli(‘ zona pellucida which forms a tou«rh lininfr siirroundiiifr th(^ ovum. 

(v) The reaction of semen is alkaline, the acid prostatic fluid heiiifr 
neutralized by the other components ; sptM-ms are rapidly immol)iliz(‘d in an 
acid medium. 

Interstitial Cells.- -Tht'st* cells deveh^p from the mesoderm of the 
embryo ; they are abundant in the fourth month of Icetal life, f(‘w<‘r in 
the new-born, and continue to diminish to the, i*nd of childhood. Th(‘re. is 
an increase in their number at puhert// ; tln‘y nmiain constant in number 
duriiifT s<‘xual life in man and iliminish in old afre. The interstitjal cells an* 
internally secn‘ting cells ami an* usually arraiifred round the blood vessels ; 
material with charact(*ristic stainiiifr reactions can be traced from the cells 
into the capillaries. The androiren secn‘ted ])v these cells is t(*stosterone 

It. is an interestinii and unexplained fact that t(‘stis extracts also contain 
frstrofjrn (p. 1077). Certain testis tumours (teratomata) form ehorionie 
ffanadntritpinn (p. KKSS). 

Secretion of testosterone presumably commences at about, tin* a<^«* of 
pub(*rty ; atidrogen, how<;ver, appears iit the urim* earlier. In man, tin* 
primates, and the rat, testosterone is continuously secreted ; most mammals, 
however, are seasonal breeders, and in them the secretion of the hormom* is 
correspr)ndingly intermittent. Secretion of the hormone is dep?‘essed by under 
nutrition, and especially by vitamin-/^ deficiency. 

Bodily Changes at Puberty. —At puberty the test(*s iruT(*ase rapidly in 
size (Fig. bOO. D) and (as stated) spermatogenesis sets in. The interstitial cells 
begin to secrete testosterone, and as a result the accessory organs of reproduc¬ 
tion (epididymis, vesicuhn seminales, j)rostate, penis) begin to grow and the 
secondary male sex characters make their appearance. The scrotal skin 
thickens ; there is growth of hair on the face, trunk, and axilhn ; the pubic 
hair develops considerably and its upper border is convex upwards. Growth 
of the larynx occurs and the voice breaks. Considerable muscular develop¬ 
ment occurs. Occasional erections and discharge* of seminal fluid take place.^ 
Striking psychological changes also begin U) make their appearance. 

Physiology of Coitus. TIk^ introduction of sperms into the vagina 
involves erection of the penis and ejaculation (emission) of the seminal llui<l. 
Both fuoce.sses are fundaiiientally reflex in character ami occur (jiiite efiiciently 
in a s]>iual man following stimulation of the glans perns or related skin areas 
(p. f)!t‘3). In the intact man any or marry of the smise organs may constitute 
a source of approjrriate afferent inr|)ulses ; the r(*sporrse is long-cirrmited 
through the brain and involves the activity of the highest (cortical levels which 
can modify the reaction eithcT liy way of reinforcement or iidiibition. There 
is no need to stress the enormous imfrortaiKu* of psychological influences 
and especially of emotional st.-ites on the act of inter-course. The results of 
castration show that the refl(*x ar-es are iiifluem^ed at some- froirrt by the 
int ernal s(M*r (*tion of the test(\s. The chang(*s occurring in coitus are considered 
Ixdow. 

(i) On the (dferent sid<*, erection is br*oug[it about by tin* nervi erif/enfes 
whieli relax the muscle coat of the arterioles of the penis and of the spongy 
^ Such emisHiotiH are not hariufui pliysically and need arouse no fceling.s of guilt. 
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tissue of the corpora cavernosa and spongiosa: attlie same time the dorsal vt‘in 
of the penis is eompressed. The ])enis, which in tlie resting state is small, 
flabby and covered with wri?ikh‘d skin, beeonKJs thickemul, elongab^.d aiid 
rigid and thus well adapted tor introduction int(» the vagina ; tin; angle 
whiclj the erect penis makes with the trunk follows closely that of the vagina 
and its length is such that in [)eople of average build the stnnen is dej)osited 
high u[) in the posterior [)art of the vagina.. 

(ii) Friction b«*tW(M‘n the glans penis and the v’^aginal mucosa, reinforced 
bv ot.h<‘r afftM-ent streams and psychological factors, causes a reth^v: discharge 
along the sytnjinlhrtir In ihr smtutdl yallnruff : tin* muscle coats oi' the 
epididvmis, ductus d(‘ferens. the .seminal vesicles and the prostate contract, 
and tile sp(‘rms accf)mpanied by the secretions of tlie aca-essorv' glands 
(p, 1 lOo) ar(‘ discharge(i into the posterior urethra beiwiaar tin* internal and 
external sphincters of the bla<ld(‘r. The semen is ihence <‘jccte(l hy the 
rlivtbniic contractions of the bnlbo and i.schif)-c.a\ernosus musch's (supplied 
bv snundlr ner\(*s). .Mon' prostatic fluid is also sn-yr.lriJ^ proliably owing to 
ftftntsyufyrifhrfir stiimdalioii of thf‘ glands. During coitus the (uitire uri^thra 
thus tak('s on a s(*xual function. It is important Uj note (hat tin* sympathetic 
n(U'V(‘s which are motor to tln‘ seminal tract also (dost* the internal vesical 
sphincter and thus pri*vent a ndlux ofseinen into the bladder : the eontra('tiou 
of the sjihincter V(*si(\*e and tin* assic'iated irdiibiliou «d‘ tiie detrusor vesica* 
jrn'vent a siniiiltaueoiis discharge* of urine. 

(iii) Tin* account give'H above* of the* inne*r\atie)u of the* ae'et‘ssory re*pre)- 
eiuctiN'e* organs is su))jM)rle*d by somnl e*liiiie*al e*\ ide*nee*. Stimnlatiem e>f the* 
liype)gast lie (sympat he'tic) ne‘rve‘s at eepeTatieiii ))re)duce‘s ejacnlat iem e»t‘seme'll 
in man. Bilateral lumbar sympat he*e*le»my be*le)w L., or se'e liem of tin* pre'sacral 
nerve abe)lisbes (*jaculation, althenigh penile* e‘re‘(*tiem ami se*nsatie>n re'iuain 
iiorinal, A lesieni of all the* sae*ral ne*r\e*s be*le)W S, whiedi se'se'is the* sacra! 
parasyiiipathe-tie* ontilow abedishes e‘re*ctie>n am! ju’oeluces re*lative* anM‘stlie*sia 
of tdie pemis. 

(iv) The* “ eu'gasm ' just de.scribcel in the* mah* sheaihl ceuncide* in satis- 
facten-v interce)urse* witli apju'eipriate* psy<*lmiogie*al and re'1ie*x reac'tions in 
tin* fe'inale, consisting in the* Jatte*r e)f e*nge>rge.*ment e)f the vulva, relaxatiejn 
of the* aeldiictor musede*s of the* thigh anel e»f the vaginal endtiee*, se*eretion of 
mucus l)y tlie vulval and vaginal glands and e*n*ction of the clitoris. The 
vagina becomes elistensible, its lining is lubricated and it becomes easily 
traversable by the pe*nis. A1fere*nt impulse's freun the stimnlate'el clitoris 
jnay heightem the^ stale e)f psychical e*xeitement in tin* female* anel lielj) to 
promote* a eonijilete orgasm. Jt is claimeMl that the* uterus may e'xeeufe* 
rhythmie* moveimeuts which helji to aspirate the se*minal tlviid inte) its lumen, 
but the evieleiice is not ce)nelusive.^ 

(v) The physie)le)gie’a.l cliauges which take plae*e^ in inteTceviirse are by no 
means restrict(?d to tlie? rej»re»duetive organs and aeljaeent parts. Tlie* usual 
ae'.compaiiimeuts e)f certain kineks e)f emejtie)nal te*nsion are pre'seiit, c.y. 

^ 'rile coarte'sie'.s, and jcsttietit-s i>l‘ sexual iiiteTcourst* are malteTs ot out- 

staneling importance, ye*t tli(*y are* nev(*r taught by the* ])liysiologist and rare'ly <liscussed 
a(le*({uatedv at .iiiy singe* in the ineMlical ciirricnliiin. Se'xmil reflations l>et\ve'e*n e*ivilize*el 
mem anel women are* me)re than a mattcT e)f’ anatomy and ])hysiology. The re*ade*r is 
a.dvi.s(id te) (.*oiisult sneh poptihir works as Marie* Stf»]»e*s‘ Murrin! /anvanel ll’/.sv' I^orrni/iood ; 
(Iritlith, Modern Marrioi/c : Fie'lding, Parvnihood ; \’an de*r N'elde*, Ve.rtilily and Sterilihj 
in Marriatje. 
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acceleration of the heart (to loO l>eats |>(‘r minute), rise of hlood pn'ssurc', 
rapid hreathin", iliisliin," of tin* face, ami sweat iny. A<lrenaline is (ioiil)l.h*ss 
poured out and it is likely that the antt‘rior pituitary (p. and the thyroid 
jjflands are stimulated too. 

(vi) It is not knowfi how tlte sptuins lind their way to llie ovunn. which 
is probably lyiii" in tin' Fallo})ia?i tube. Normal s|)(*rnis an* ofejuiisr nn)tile 
and can movt* at the rate of 1 ;i mm. per minute ; but t he vaeina and iiteaifn* 
cavity must r<'pres(*nt a vast uncharted S4*a in which the current of fluid set 
up by tile mov(‘ments of the cilia is in an antauonist ic diieciion, i.r. towards 



Fkj. (IT-S. Kltcfts ofCMstnilion .•out 'rn'ainaaif on Srctnuiiirv Sf-viail Apparahis 

in Jivimalare (iat. ((’il»a's HnmthtpoL of !nh run! St.rntloHs.) 

Left .—Ac.oe.ssory organs of faslratfiil animal ahowiiig inark»nl alrophy. 

Right .—Organs of raslratea animal eleven days after treatment with androgi-n, sliowing romplete 
recovery. 

the ext(?rior. There is tio evidt'iict* that the ovum (*.\(‘rts a positivt* cht'mieal 
attractive iiiflmuice. Hut the 2 4 c.c. of sem<*n dis( harot‘d at one «*mission 
may contain up to 7(M) million sperms (mean normal 2tMi million) : as oidy 
one need arrive for fertili/ation to be ctnnplett'd, blind chance may be tin* 
only factor involved. 

(vii) The survival time of sperms introduced into the vagina,, though 
a matter of gn'at imjKrrtarice, has not yet be(*n determined with ct*rtainty ; 
it may be a day or twod It is said that sperms beeonu' non-motile in the 
va^rina in less than bO minutes after coitus, but remain motih* in the cervix 
and body of the uterus for 25 to 4t) hours ; non-motile s])(‘rms of course cannot 

^ The IffujHc of Ijonjs hns the sii|Ttr«‘stioii put forw.inl in a (li\ orce suit that 

there might lie an interval o'" some SO days f>et\vf‘cu the In.st act ol'coilu.s aral fcrlilizatinri. 
This decision was certainly not a ra.sh one. 
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F!i()V(* “ iipslrrain a^jjaiiist tlj«‘ (*urn‘iit. it* an oiT^asm occurs in t-ljc female, 
the s})erms are said to (‘liter tlu* uteriru* cavity witliiii three minutes, hut in 
the Jihsence of orgasm only after om* liour. 

Extirpation of Testes. (1) Bkkoke PiTUKitTY. If tln‘ tt*stes are 
reinovcal tliere is fx'nnaneait sterility ; owing to absence of tF^stostcuone the 
usual y)ub(Ttal changes do not occur and the (/ccc,ssor// otyahs of rv.yrodmiiov 
do not develop ; t he vesicuhi' seminales and prostates remain small and 
atrophic (Fig. 078). 'J'here is no growth of hair on the face, trunk, or axillae ; 
the pubic hair is of the female type, the outline being concave upwards ; the 
growth of the larynx is arrested. There may be aiinorinal deposition of fat; 
accumulations may b(‘ found on tin* buttocks, hips, pubis, and lireasls. The 



Ki(!. Ktlccls on 1\‘s1is oftyin^i Vas ] l)uclii.s| |)t ((M’ons. 

Seminiferous tubules iitropbicd, interstitial frells persist us masses of eells. (Aneel ami llouiii. from 
Sliarpey-Sehafcjr, The Kndorrine Onjatm.) 

mus('l(»s are soft and poorly developed, IMiere is some delay in the union of 
the epiphyst^s, but vo regular tendency to gigantism : soim*. eunuchs arc short, 
others are tail, and on tlie whole they show the same rangt^ of variations as 
do normal jieople. The skin is yiale and tans jHiorly when exposed to the sun. 

(2) After Puuektv. .(Castration aft(T puberty yiroduces changes which 

vary very much in degiTc in dilftTcnt subjects. It should be remembered 
that some of tlu^ st^condary sexual characters and accessory organs depend 
on testosterone not only for their development but also for their mmalenance ; 
these characters or organs are depressed alter castration. Thus the seminal 
vesicles and prostate always atropliy. Other characters or organs liaving 
once develojXMl under the inlluence of testosterone can persist in its absence ; 
these are unaffeerted by castration. There is. for example, no alteration in 
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case of Eastern eunuchs) and the beard may be uiiaffected. In some cases 
the general bodily changCwS resemVde those tiescribed for prepubertal castration, 
in t)thers they are not very marked. Sexual desin* and (*rection i!iay be absent ; 
but th(*ro are many instances in which sexual activity was little ini})aired, 
successful coitus (with ejaculation of fluid from the prostate' or seminal 
vesicles) being frecpiently carried out for as long as tw(‘nty-hve yt'ars after 
castration ; in these cases the pattern of reflex behaviour which was initially 
induced by t(*stosterone sul>se(piently ])ersiste<i in spitt* of its absence*. Rats 
or guinea-])igs may (*opulate for months after castration and liiiman eunuchs 
are often quite })roniiscuous ti'ii out of twenty-five studif'd were found to 
be suffering from gonorrhma. 

There is no evidence that castration damagt's any (‘ssential functions 
except those n'lated to re])roduction ; it dot's not shorten lift* or product* 


it 


t’lo. 680. — Testis in Experimental 
Cryptorchidism. (Allen, iSca- owd 
Internal Secretions^ 1939.) 

Sortion of testes (of adult giiineti-piK) which Imd 
been conilnwl in thf abdomen for tiirer 
months. Note that the Reniiniferni].«i 
tnl)iile.s are very degenerated, 'f'iie inter- 
stitini tissue {it) jierststs. 

premature senility. Many castrates have shown the highest intellectual 
attainments. In some, it is true that a ]K*,culiar mental state may result. ; 
this is mon? likely to be du(^ to the psycliological trauma })rodijced by tin* 
castration than to loss of any internal secretion f(u*med by tlie testis. If 
mod(*rn psychology is to be believed, the mere subconscious fear of castration 
may produce serious mental sym])toins, although the testt*s are funetjoning 
perfectly normally ; it is hardly surprising that the meaital rt'sults of a real 
castration are worse. Lucius A])uleius, even after his transformation into an 
ass, feared castration more than death. 

Results of Tvtng Vas Deferens.— If the vas [ductus] deh'nms is 
ligated, the subject becomes sterile, but no changes occur in either the somatic 
or the psychical sexual characteristics. The interstitial cells always persist as 
definite masses of epit}n*lial cells (Fig. fi79) and presumably continue to 
release their liormone. Tln^ changes in the seminiferous tubules are variable : 
sometimes they undergo complete <h*generatio!i (Fig. 679) ; wore eowmovb/ 
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Iwwevvr sonic sjiennnloffmesis continues, the newly formed s|)<‘rms iin(l<Tp;oirip 
li(jiief{ictioii and l>eing re])lii(*ed by freshly forni(‘d cells.' 

(?RVi»TOK(’Hii)iSM. If the testis fails to descend into the scrotum, the 
seminiferous tubules remain infantile in structure and no development of 
sperms takes place. If tin* condition is bilateral tin* individual is sterile, 



Kro. (iKI. (Miaiigt'S in Grafted Testis. (Allen, Ser and 
Internal t>ec.re.tions^ 1039.) 

CiirtUm ill'rat test s rt'ctivcnMl from s«*rotiini four months after 
truri.s]ilantatioii. Tubules slunv all decrees of ehaii^'e from 
eomiileh' destrm'tion (1), partial ties!ruetion (2, -1), to 

almost normal tiitniles forilaiuin^' sfiermato/.oa (5), 


but< as the interstitial cells are structurally normal and continue to secrete, 
the stu'ondarv sexual (diara<‘ters develop normally. Th(? lack of development 
of the seminiferous tubules in the cryptorchid is attributed to the higher 
tem])erature to which the gland is exjiosed in the abdomen compared with 
tJiat in tlie scrotum ; if the s(‘rotum is kept artificially warmed, of if the testis 

‘ An interesliii^? ease is reeorded of a man whose wife, believing that j)regiiaiu;y 
would ruin her health, persinuh’d him to have both his vasa tied in 1939 ; in addition a 
short length of (vieh vas was e.veised. Subsequently there was (complete absenee of sperms 
from the seminal tiiiid. Owing to temj)eranu‘ntal ineoinpatihilities the marriage was 
later dissfdved and thc^ man married a seeond wife who was anxious to have ehildren. 
An of>(*ratioii was ])(Tfor!ned (oji 3Uth »S(‘pteml)i*r 1949, i.e. afUu* an interval of ten years) 
t«) restore the (continuity of tlu* vasa. On Sth Oetoh(*r the semen eonlaiiied no sperms : 
on loth November it eontained 9 million s|MU-ins jhu* im-., the pereentage of motile sperms 
being 109;, and of abnormal f(»nns i!0”o* b' February lOoO his wife became pregnant. 
Kxaininution of the seminal Hiiid on 281 h Jleetunber 1950 slmwed a volume of 2-5 e.e., a 
total eouiit of 80 million sptums ]>er e.e. and oO^tj, of motile sperms. It is clear, therefore, 
that the spermatogenie potentiality of the testis may persist in spilt? of years of obstrue- 
tion of the vasa. [ Handley, Arch, Middlesex Hos'p., 1951, /, 74.] 
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ANDROCJENS 


is delihoratoly transiornMl to tlio aluluiiK'H (Fij*. (»80), s|H‘rTnat<»gt‘n(*.sis (-(‘asrs.' 

The differences noted between the eff(‘(*ts of i rvptorcliidisin and tliose of 
castration demonstrate strikingly that llie hittnslitial (‘(‘lls are responsible 
for the internal st*cr(*tion wliicli contrtils the aiaessory jejiroductiv'e organs 
and the secondary sexual ( liaraclers. 

Tj:stici;lak (1|{Akts.— Testes graft(‘d into anotlier animal always finally 
undergo atrophy (Fig. iiSI): it is uncertain tn what extent such grafts liberate 
their internal si'<*reti()n. Apart from these doubts, testicular hormone can 
be so readily and effectively administereil in simpler ways that grafting as a 
therapeutic method is ijuite unjustified. 

Testis Hormones. Androgens (Testoids). The term atniroffrH is used 
to descrilie any sulistance wliieh has masculinizing jiroperties, /.c. whieli 
promotes tlie growth of the accessory organs of rejnodmotion in castrated 
male mammals (Figs. b7S, 583). or of the comb, wattles, and ear lob(*s in 
castrated male birds (Fig. 5S2). The androgtm s<*cn‘ted by tin* toslis is 
frsffts/rn>nf‘: its clunnisliy and that of related substances is n‘viewed on 



I'lc;. 5.S2. KHects of Aruirogett on (Korh, fiulL X.V. Ararl. A/o/., 

JJKtS, 14.) 

A. Head .sJiovviiiK nonih and wattles or castrated bird. 

B. Extensive i.'ro\vtli of noinb and wattles a.s a result of Intel.aivc treatment, for eighteen 

day.-' with ainlrojr«.'n. 


p. 1076. Two wtniker derivatives, androsferone and is(Miydr(m 7 idroi^teron^ 
are found in urine and represent degradation products of testosterone. They 
are neutral 17 ketosteroids ami coiistitutt* a small fraction of tlu; total 
excretion of tluist* substances in male urine (p. 953). The, liver is tin* main 
site of inactivation and modification of androgens. 

Androgen can also be extracted from the adrenal cortex (j). 967) and is 
present in virilizing ovarian tumours. 

1 Inadequate attfaition ha.s been paid t<i the effect« (if any) on spermatogenesis of 
wearing the kilt or of resideiiee in a hot eouritry. If th<^ adverse effects of raised tempera¬ 
ture on spcrmatog(‘nc.sis are as great a.s suggested in the te.vt one would expect to fiiuf a 
markedly reduced fertility in the Tropics ; of this there is no cvidtnice. 
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Many othor jnidrnjKMis liava* artificially prcpanal, th(‘ most important, 
clinically hcim* incdrffl fcs(<tsfrnuft\ \vlii<‘h is a.ctivc hi/ itimitli. Kvam more than 
is tl)(* ease with the (Ostro.Lems tin* activity of testostiToin'. is tmhaiiced wliea 
it is coml)i]ie<l wit h fatty aciils ; this is es|»ecially so in th«* case of testosterone 

In'o/iiiKiftlr. 

Ac’i ion ok Amhioo'KNs. (i) Naturally seen'ted lestosti^roiie is responsihle 
for’ the deNclopinenl of the accessory organs of reproduction and the. other 
secondary mah' sexual characters at puberty, and in the cast* of some of tliem 
for their per’sistema* throirtihoiit a«lull. lib* (p. JloT). When injected into an 
immature animal aridi-nuen causes pr'ccocious development of the accessorv 
sexual oreans. 

(ii) .\ndro'j(Mis overcome the deermerative changes in the accessor’v 
sexual organs result iiii: from cast r’ation. Thus «.*astra.t i(»n j)roduces atrophy 



Kjo. ()S‘{. Iiitliieiice (if ra<irnii(jii and of Androjrren on (Vtology ot l*rosfat(.‘. (After) 
Mooi-e, I’riee, and (iallaelie?*, fnnu Allen, Sex and Inlernal Sexre.tinr>.<i, itKl 9 . 

of prdslHU* of Tilt stidwiii'^' ijil.'irk) Ootj'i apnaraiiis. from li'f’l tn rij^ril : tiormal ('etls : cells frois 
aiiiiiial castrator twiaity ilays previmisly ; snnitar rast rat e i rente il wiUi amlrogen. Note resulting 
increase ill size of cell aii.l recdvery of taiitii apparatus. 


of the prostate and dcL^encratiorr of the ojaridular (‘pitlielitim ; injections of 
amlro</crr can restore tin* [irostate tiormal (‘Vt‘]i aftt*r an intt‘rval of (> montirs 
aftt*r castration (Kill. <>8.*!). 

(iii) My an action on tin* epididymis arnlr-ooen lirst enliaiic(‘s and then 
maintains tht* motility and tcrtilizino power of tin* sju'rms wliich arc stored 
tln*re (p. I MK*)). 

(iv) h is doirbtless responsibh* in lari^e part (initially at least) for the 
distinctivt* (‘motional mahe-up of the male. 

(v) Action on Scfnini/rnni.s Tnhntcs. In the hy})Ophys(*ctomized animal 
administration «d’ androgen prevents the deiien(‘ration of tin* s(*minif(U’ous 
tubul(‘s which otherwise o<*<.'nrs. and maintains spermatoj^eiiesis (p. 11J3). 

Clinical Use of Androgens. These are well illustrated by the following 
case reports.' Tin* lirst. is of a thin under-developed boy with tlie usual signs 

‘ Koss, y.f/wrr/, M.KIT, ii, 1:107; Itr.'lS, ii. Il»S4; Hrit. med.J., ItWd, ii, 11, Spomie, 

./, Med., 1940, U, :i(Mt 




mL> THKATINIFAT OF FTM CllOIDISM (HYinXiONADISM) 

«>f (li‘iWtivr t«\slit*iilnr int<‘rn;il sofivtorv riinction ((‘tunirhoidlsm, 
ijonadistn). Adiniiiistnitinii of iiirt liyl testos1,«^r(Ui(» djiily for 11 dnys (30 in^. 
daily) 1 (m 1 to an incivast* in body weijrht of I'J.j !b. (froin bO,} to 72o J^d 
of I inrli in liciijlit. This inon^ase in rnus^dt* bulk is important, sliowinjjj 
that tlie Ljn'ator nniscnlar d(‘Volo|)»m*nt of tin* mal<' is partly at Irast a 
S(M*ondarv srxual (‘haraot(*risti(* which is dcpcmhmt on tcstostcrom*. d’lic 
])cnis irrcw in Icn^itli from - to 4*74 cm. and b(‘came 7*5 cm. in circum- 
fcrenct* at tln‘ ulans. Tlic pubic iiair b(‘i»an to i^row, there were occasional 
erections, the scrotal skin thickened and became pink in coh>ur. and the 



I'm;, ns-1. (»r on IN-nis and l'iil»ie Mail’ 

ill i iisri)!’ i IN {Mt^oiKuli.'^ni (KuniK4n>i<Jisni). (\'est and 
Howard, J. f 'rol.. IlKtS, /.) 

ilypopnijulal [lalicnt a;rr«l ai. 'I’Ih? |ienis was small ami Mu* piilac 
hair .s*;;wily. TosMisfonnu' pntianjiaU’ was aitiniiiistrnMl over 
a peiiod of three ll>•>nlh'•: t»'.re was marked irrowlh of the 
]ieiiis afi<i of piihiit hair arai thirkeiiirh; of’ ttir serotal skin.) 

epididymides develo[)ed. The boy dev(*loped a lar^e appetite and showtal 
grent(‘r vit^our. 

Testosterom^ is tlms a specialized ^{rowth hormont' acting maiidy but not 
exclusiv(?ly on the accessory organs of reproduction. Like pituitary growth 
hormoiK* it (causes nitrogfuioiis retention and increased synthesis and dejiosition 
of protein in certain tissues, includitig the skeJ(*tal musc.les and scrotal skin. 

P, Na+, CJ'. and water an? also T(itaiii<*d. 

Th(5 other case is that of a post-pnherUil eunuch age.d 38 wdio lost his 
testes as the result of a war injury at the age. of 19, though the penis was 
undamaged. When f^xamined he was a typical eunuch ; he was married 
but showed sexual desire only oncci (?very two or thret*. months, accompanied 
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merely by slight penile turgidity ; erection did not occur. He was given 
20 ing. (daily) of t(*stost(‘ro!)e propionate by injection. From the first day of 
tn'atrnent sexual d(*sire was increased, er(*etion occurred n-adily and was 
accompanied by good erotic sensation ; coitus took place nightly, though no 
ejaculation took place (doubtless from lack of adequate secretion by the 
prostate and seminal vesicles). On the eighth day of treatracuit he was unable 
to sleep all night on account of persistent and painful erection, which was 
unrelieved by coitus. The erect penis now measured 15 cm. in length, 11 cm. 
in circumference at the glans, and 11-5 cm. at the base ; it is reported that he 
now' '' fully sfitisfi(*d his wif(‘.'' lb* gained lb lb. in 12 weeks and had to 
w'car biggfw collars. After aij in1(‘rval he was treat(‘d with equal success, 
with tt‘stost(*rone propionate solutions rubbed into the skin and wdth this 
course ejaculation successfully occurred. It is interesting to note that hair 
grew on the regions of thigh, calf, and leg to wdiich the hormone was applied. 

Fig. bS4 illustrates the jiiarkcd growth of the pii))ic hair and enlargtmnmt 
of the p(‘nis which w'cre [)rodiiccd in an adidt ])ath‘nt with (h‘fcctiv(* testicular 
internal s<*er(*tion as a r(‘sult of three months' treatment wdth testosterone 
propimiate. ^ 

Control of Testicular Activity. - (1) .Anterior Piti itakv. —The 
anterior pituitary hy means of its gonadotrophic, hormones control- the 
grow’th, functional integrity, and activities of the testis. The exa(;t mechanisms 
involv(*d are still uncertain and are discussed below'. 

(i) Hypopliysectoniy in immature male animals causes the testes to 
remain infantile ; the accessory reproductive*- organs do not d(‘velo}> owing 
to lack of testosterone. Hypophysectomy in adults leads to testicular atrophy 
and the same changes in the acc(\ssory r(*})rodiictive organs and (‘ls<*w'liere as 
follow castration. In Siinmojids’ disease, hypogona<iisni (d(‘pressed s])ermatO“ 
genesis and decreas(*d testosterone secretion) is a. common finding. Anterior 
j)ituitary grafts made into immature male animals hasten tin* onset of 
testicidar maturity and of the other signs of jmberly ; in hypophvvsectomized 
adult animals they restore normal tcstieiilar function. Anterit>r pituitary 
grafts made into normal animals may stimulate ex(‘essiv(‘ sern*tion of t(‘sto- 
stcrone and hence cause overgrowth of the accessory reproductive organs, 
especially of the vesicida> scmimiles. 

(ii) the Inh^rslifitd-CA'Il-sfi muJafing hormone {J(\Sff) initiates and sustains 
the ijit(*rnal secrt‘torv activity of tlic int<*rstitial cells. J(kSH is identical 
chemically wdth the. luteinizing liornione (LH) of the f(*male. The secretion 
of t(‘stostcronc secondarily clauses grow'th and development of tln^ accessory 
organs of reproduction. If 1C8H is injecte<l into hypophysectoniizcd animals 
it also caust'S tin* return of apermafoffenrsis ; this action is not a direct one 
on the seminiferous t-ubules ])iit is due to the release of testosteroin* which in 
its turn acts on tlie tubnlcs. This interpretation is siip])orted by tin? facts 
that in hypophyscertomized animals and in jiaticnts with Siiiimonds’ disease 
the administration of androgi'ii restort*s s])ermat()genesis. In the infart 
animal, however, tin* action of administered androgc'ii mi tin* testis is small 
and variable. 

(iii) It has been suppos(*d that the anterior pituitary (via the hormone 
known as FSH in the f(*male) directly cont rols spermatogenesis. This honuoin* 

' Tho action of amlrogc.n in tho female and its pos.sil>l€*. ciifiicai uses in wiwiien is 
considercfl on p. 1082 . 
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WHS tIuM'oloiv Cilllod j;iUiu*ti)kinotic ” to iiidicHtt* t hat in both soxt's it mj^ulatas 
the forriiatioii and inaturation of the jnjanietes (ovuiii or sperm). If ])iire FSH 
is injecttMl into liypopIiyseftomize(i animals it does no! indue.e spermato¬ 
genesis. If it is given together with TOSH it is elaiiried that tlie restoration 
of sj)erinatogenesis is more complete than witlj ICSH alone. FSIl may thus 
he an accessory direct stimulating factor on tln^ tiihules ami may bo necessary 
for the maintenance* of an optimal level of spermatogenetic activity. 

(iv) Tlio testis in its turn intluemavs the activity of the antm’ior |)ituitary. 
After castration in animals tlie basophil C(*lls in t he pituitary incr(*ase in size 
and niiiidx'T and there is incrtNised secretion of gonadotrophin. The testis 
thus normally inhibits the secretion of gonadotro])hin. In clinical eunuchoid¬ 
ism due to priioarff testicular fat!are there is also excess!v(^ gonadotrophin 
formation, which is r(*l;Uively immune to androgen treatment but is readily 
inhibited l)y resirogens. (Wlnni euuuclioidism is secondary to pifaitary 
hisufficieney tlnn*e is of course d(*creased secretion of gonadotrophin.) 

The source and nature of the testicular inhibitory fa(;tor are still uiuhu* 
consideration : (a) it miglit be androgen ; but as mentioned alcove excess 
goriadotrophin seen'tion is not ifiinbit<‘d by physiological doses of androgen ; 
(/>) it miglit lie soim* other uni<h‘ntitied t(*sticular “ factor.'* deriv(*d ]>erhap.s 
from the s(*miniierous tubules. 

(v) Klinefelter t^^yndrome} Light is thrown on this problem by tin* 
findings in tins uncommon syndronn^ which has the following (*haracteristic 
features : (i) tin* seminiferous tubuh*s an^ severely ilamaged or hyalinized ; 
the germinal ej)ith(‘lium and Sertoli cells are absent and no sperm formation 
occurs ; (ii) the iiit<*rstital Cecils are normal in appearance and seerretorv 
activity as judged by the normal state* of tin? accessory n*prodactive, organs ; 
(hi) there is corisiderabh? (‘nlargement of the bn^asts owing to diud [iroliferation 
and increase in connective tissue ; (iv) there is increa.sed excretion of gonado¬ 
trophin (FSTl) in urine ; (v) the urinary output of 17 ketostcroids is reduced. 

The excessive outfiut of gonadotro}diin suggests that the pituitary has 
been released from a normal inhibiteny control. The testicular lesion however 
affects the tubules only ; androgen s(*cretiou is unallected. It is, therefore, 
concluded that the seminiferous tubules normally secrete into the blood an 
unidentifi(!d pituitary-inhibiting factor t(mtativ<*ly called “ inhibin.” 

The possilile intoi-relationships of anterior [>ituitarv and testis are shown 
in Fig. 1)85. It is [irobably unwise in the j)resent state of knowledge to press 
too closely analogies between the control of the gonads in t he male and female. 

(vi) The anterior ])ituitary may (M)ntrol the descent (tf the testis ; in some 
cases of undescended testes the testt*s have (*nt(*red the scrotum following 
(and perha])s as a result of) treatment with gonadotrophic hormone. 

(2) The thymus normally persists till puberty, when the reproductive 
organs develop ; castration prolongs the period of persistence of the thymus. 
The sex glands therefore exert a depressant effect on the thymus (p. lOlb). 

(3) For action of thyroid and adrenal cortex^ see pp. 9Hb, 9b7. 

The Prostate.2 —The structure, function, and hormonal control of 
the prostate were briefly considered on p]). 1103, 1111. Certain other aspects 
of the gland which are of clinical importance w'ill now be discussed. 

r^HORPHAT.ASK i\ Prostatk.- (i) The prostate contains small and 

* KlineCidter ttt at., rMn. timlorrin., 1042, 2, fUo. 

- Huggins, Harney Lecltires^ 1040-47, 148. 



TIIK rUOSTATE 


1115 


imiiiiportaiil amounts of ftlhtlirw |)}i(»sj>liatas»* (0-5-i units jr.) in tin* 
(‘apillary walls. 

(ii) Th<i acid |)]jos}>luit/a.se content on the contrary is unifjuely large ; this 
enzyme is found in the epithelial cells and in the lumen of the glands. In 
man, acid phospliatase is found in the prostate in the f()lh)wing concentration 
in units/g. : new^-horn child 1-5; adolescent 70; adult 500 2..‘KK). The 
incnaise in acid phosphiatuse content at puberty is due to the action of testos¬ 
terone ; tlnis if a pre])ub(‘rtal monkey is treated with androgen, the acid 
phosphatasf* in its f)rosta.te increases several hundred times. 

(iii) Tlie normal scrum acid jdiosphatase content is only 3 units (or h‘ss) 
per ](K.) c.c. ; it is d(*rived fi*<»m many organs, the prostate being a (juite 
nnimportanl source ])ecause tiie enzyme cannot get through the w'alls of tlie 
prostatic vessels into tiu? cinmlation : tin* scrum acid phosphatase content is 
thus approximately tin* saiix^ in childnm and women as in adult in(‘M. 

(iv) The physiological rule of the prostatic acid phos])hatase is unknown ; 



Organs. 

Kiu. liH.'j. 'IVstis-Aiiteru»r Pituitary liitrr- 
n'latienships. 

if a suitable substrate (like liojosephosphak^) were present in the gland with 
consequent release of inorganic j)hosphate, large amounts of rta.j(P 04)2 
would b(i precipitat<'d owing to tin* ri(di Ca cont.<*nt of ]U’ost.atic ftui(i. Cal¬ 
careous masses of Ca 3 (P() 4)2 commouly occur in the prostate : the surprising 
thing is that th(\v are not Iarg<*r and more frequent. 

(v) Adult male urine contains 3 *5 times as much acid phosphatase as the 
urine of women and children ; the excess enzyme in the male is derived from 
the prostatic the composition of which was described on p. 1103. 

(vi) If acid phosphatase is injected intravenously it disappears from tlie 
blood in 3-6 hours ; the normal level of scrum acid phospha tase thus depends 
on a nice balance between its discharge int.o the blood from many organs and 
its removal from the blood. 

Carcinoma of Prostate. —The cells of the carcinoma form acid phospha¬ 
tase to a varying degree ; on an average the enzyme content of the cancer is 
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l/20th that of iiorriiiil [)rostat,e (the rarij^c* is 19 2S0 uiiits/i'.). It was (‘x- 
plained on }>. lloT that the prostate is (le}>enflent on tostosttnone not only 
for its developiiieut but also for its muinf('naKce in adult life. The cells of 
the carcinoma of the |)rosta.te also di^peud on testostiM'one for tlndr main- 
ttmance but the degree of d('f)(*ndence varies considerably with t he individual 
tumour; (the rau.'fc of th(‘ carcinoma is unknown). When the growth 
metastasizes the secondary deposits, like tho panmt growth, also form acid 
phosphatase. When the dep(>sits occur in the bone marrow and lymph 
glands tile (‘ii/vnic can pass /b/r/// ma///// ////o f/tr hlotxl sfrrntti with the result 
that the ,srrain acid phos[»hatase levid rises from d units lOt) c.c. to 10 7tH) 
units. A serum value exc(‘eding lO units KM) c.c. is diagnostic oi' nu’fasfasis 
of })rostatic carcinoma. Secomlary <lepitdts in bone for sonu‘ unknown 



30 60 90 120 ISO 180 210 240 270 


DAYS 

Kjo. (iSft.— Ktfects (it (’fist rat ion on Serum Alkali IMiosplifit.asf* fini] Serum 
AeifI IMio.spliatfise in eas<‘of (an-inoina <»!’ I'roMtalc. I'11 u}.jirins. Ifarn’t/ 

Uriurts, 1047, ./;J, ISS.) 

OnJiriatc : Scrum ]>h(is|i|i;if:is«‘ in unil - per Hio c.c. 

\li>ciss;i ; ’I'imc in «la> 

Al iinow ; llnt.h Icstc-s r*‘n»»M-«l. 

SerifiH A/l'fitint' /'fi'/sfiftnftisr. ; .\uriii;il in ;iilnlt< I 4 ijnif> Inu c<-.). that tiic initial 

I' vcl is 75 HMi unit.'-. .A tcinpur;irv liirtiicr ri.‘<c lolinvvcil caistrution; siil>.sc(pn‘nlly 
a ra]»id dccliin' set in. Wln*n I'linical n iapsi- uccurrcd tlic alkaline phos]>hiita.'<e ri>si‘ once 
nmre. 'ftie fall was. aeeiinipanied Py <'linic;il remission, the ^nliseipient li.-sc (at 'Jin 
<lays) liy clinical relap-.e. 

Srnnn. Add After oreliideetonij the level uradually fell from in 1.') units 

tf» al>oul 5 nnils/lOn ee. It liegan to rise when eJinieai relapse Jiecurred. 

reason stimulate o.sieobhisl ie .‘ictivity and .so raise tln^ local concentnition of 
alkaline phosphatase with a corrc.sponding rise of the level of senun alkaline 
pliospliatase, e.if. to 70 uiiit.s/100 c.e. (Fig. bHb). 

Effect of (?.\srK.A'i’io.\ (Estro(;kn 8. According to the dcgn*c to 
which the malignant ctdls are dependent on testosterom*, the growth (l)otL 
primary ami st'condary) regresses after castration or on administering 
an oistrogen (e.q, stilbcestrol). Adenocarcinoma is much more sensitive to 
testosterone than undifferentiated careinoma and is therefore, much more 
susceptible to oestrogen tlH‘rapy. The. (estrogen a(d;s (i) hy inhibiting the 
release of gonadotrophin by tlu' anterior pituitary and so decreasing natural 
testosterone .s(‘cretion am! (ii) by peri})herally conif)eting with and antagonizing 
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tho action of t(:stost(^roJi<‘. lu successful cases tli(*re is clinical ini|)rove' 
inent, and a fall of S(.*runi acid phosjjhatase sots in aft(‘r a variaMc periotl. The 
dwindling of the hone iuej,astases l(‘ads to a temporary un(*xplain(‘d further 
rise of Ijoiu'and serum alkaline pliosphatase, which after 1 .‘i months rapidly 
declines U)wards normal (Fie 080). Some jiaticuits have remained well for as 
lone as (5 years. The administration of androeen makes the patient worse 
and raises the serum aeid phosphatase. Uemu'ally the d(‘pendenee of the 
tumour on andro^uui is partial, so that after a variable period of (cstropm 
freatnieiii Ihe erowth of ihe tumour is resumed. rndilfenMiliated prostalie 
carcinomas are e<Mni»leiely indepcmdrnt of androerui and are thend'ore un 
alfeeted by east rarmn. 

A<'Tin\ OK (Estiiookx o\ Nokmac PiiosTATK. Thoiieli th(‘ prostat(* 
has a nniform histoh),Ldeal app(*aranee. the fdfects on it of injections of (cstroecui 
sii.eeest that it is a. dual structure. In tin* doe i Im* prostate consists of a dorsal 
and a ventral see]n(*nt : l)oth parts resjemd to castration by atro])hy of the 
elaiidiilar (ipitheliuin and in l)olh |)arts the ^‘pithelium becomes tall and 
columnar aflrr injeelion of ainlroeeii. On inje(‘tine (j*stroe(‘n. how(‘V(‘r, in 
the rvtflrul part the epithelium atrophies and the acini collapse, while in 
the (htrsal part the eoliimnar epithelium becomes stratified s(juamoiis. It 
has been siieir(‘st(‘d that 1 lie pitstnuiH' lobe of the ])rosta.te in man is lunctionally 
distinct from the uth(‘r lolies : it is tin* common site of carcinonia, and never 
tin* site of tlie " beniun " ('iilarun'inent. 

Jb’ostatic (‘iilargenient c()jnmonly ()C('urs in (‘Iderly men : the cause is 
unknown. It has been attributed to a <lecrease in ainiro^m and an increase 
in (cstroueii formation, .\ndrotieii therapy howi'ver do(‘s not b(*netit, ihr 
patients. 




Fig. tiST. — UniiM)lar excitation of exposed transverse surface of lateral column of s])inal 
cord at first cervical level; effect on arterial pressure. Deeaj>itate prcpar.atioii 
(E. B. Cox and N. B. Droyer). 

Za p*, zero level of jM-essure ; »S, signal marking time of faradization ; J", time in set s. 
In B the quicker drum makes the cardiac aiareleration more obvious. 

(Figure and legend from IJddell and Sherringtou, Mannnnlinn ('larendon 

l*rcss, 1921).) 'I'Ik* scales on the left represent mm. Hg, 
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The preparation, as dtiscribed, is d«‘ca.pitate ; the spinal cord has been 
divided at its junction with the iiiedullu and tlie brain (and liead) removed, 
leaving the upper surface of the first cervical segment exj)osed. The blood 
pressure record is of the kind obtained by inserting a cannula filled with some 
anticoagulant iluid into a large.* artery (c.//. carotid or femoral) and connecting 
it with a mercury manometer (ju .‘iOl). The moveiiients of the mercury are 
transmitted by nnsans of a float equipped with a writing point to the Idackened 
surface of the paper fixed on 1 he moving drum. As stated, t he, tlrum is moving 
more raj)idly (about twice as fast) in record H as in A. 

('ohtrol Period. Tlie arterial blocal j)re.ssure in \ is fluctuating between 
55 mill, llg at miniinnm ami (K) mm. Hg at maximum ; it is a little lower 
in P>. The art-erial l)lood jue.ssure in a normal (anaesthetized) or (h'cerebrate 
cat is of the saim^ ordei- <if magnitude as in an intact man. W'ljy then is 
the initial level of blood juessure in this ex]>erimeiit so low ? Tiie blood 
|)r<*ssure dejiends on the prodinu of tlie cardiac output and th(‘ ]>eriph(‘ral 
resistance (ji. 302). The latter dejiends on the integrity of the vasomotor 
centre (p. 303) ami of tin* sympathetic n«‘rvuus system. A trans-section 
at the ujiper bord.M* of the sjiinal cord cuts off tile tonic discharge which 
normally jmsses the vasomotor centre to tiie syni|>athelic connector cells in 
s(‘gments Th I to L 2 of the spinal cord. There is consequently universal 
vasodilatation owing to loss of arteriolar lone and the blood jiressure falls 
to the level shown in the record (p, 303). 

The (‘ontrol strif) of blood pressure reconl shows two kinds of oscillations 
(better seen in the fast record H than in A). 'I'lie small excursions are obviously 
due to the inuirt beat; the larger resemlih* the variations that coniinonly 
occur with the (iluises of respiration. 

Tin* control heart raU* in A is 24 b<*ats in 4 sec. and in B 14 beats |)(*r 2 sec. 
(corresjainding to a rate of 300 and 420 per minute). 43iis is a far higher 
rate than is found in thi* intact animal. In this preparation the vagus 
n(*rves have been cut off from their nuclei of origin in the medulla. After 
bilateral vagal section, normal vagal tone (or vagal restraint) is abolished ; 
the heart rate is consequently markedly incn»ased. (In man, following full 
doses of atropine to *' hUiek ” the vagal terminals, the heart rate, rises to 
about 150 jier minute ; the maximal heart rate* in man in excitement or 
exertion is uudi‘r 2(K) jier minute ; the rate of tin* released lieart in this cat 
is far more rapid.) The exU*nt of the oseillalioii of bloo<l pi-essure with each 
beat represents tin? dillerenci* between systolic and diastolic jirossure, i.e. the 
[lulse pressure, in this experiment tin* pulse [ire.ssiire as recorded is about 
2 mm. Hg. is thr* lecoiii a leliable measure ol’ pulse pressure i The answer 
is that it is not. .A im*rcury manometer ]K)ssess(‘s considerable im‘r*tia ; the 
pressure as recortled neither rises to the full systolic nor falls to the full 
diastolic level, but- oscillates slightly round the mean blood pressure. In this 
exporinient, owing to the <*,vceedingly rajhd heart rate, the outjiut ])er beat 
must be <H>rres])ondiugly reduced, so that the true (as well as the ajipareiit) 
pulse pn*ssure is greatly diminished. 

The larger blood pressure variathms, labelled tentatively “ respiratory,'' 
occur at the rat<* of I [>er sec. or 00 per minute. But how can a docajiitatc 
preparation breathe in the absence of the respiratory centres in the pons 
and medulla ( and how can a spinal animal survive if it cannot breathe { 
Presumably the ajiimal is being kept alive by means ol Jirtificial respiration 
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(iieiK'rally carried out with a |>mn|) coiinecttHl with a caiuuila iii.s(*rt(Hl into 
tlie trachea). The rate of artificial r(*sj)iration (fiO ]>er iniiuite) is Jiijxli and 
it is not unlik(*Iy that the preparation is l>einj^ over-ventilated and so siinerine 
from carhon dioxidt? lack. Why .should the blood pressun* vary with the 
pliases of artificial r(‘spirat ion '? The factors coming hito play durinj^ natural 
rcs|>iration are analyzed on j>. ; but normal Ineathinji differs in many 

resj)ects froin pump ventilation. Tlnue is. for examph*, no ariirr enlarf^e- 
ment of the chest cavity and no fall of intrapleural pressure during th(‘ phas(‘ 
of pump ins])iration. Nor are there any variations in this ex])eriment in the 
rate of the heart with the |)hases of respiration (sintis arrhythmia, depends on 
the integrity of the vagi ; in this preparation tin; vagus nuclei in the medulla 
have been removed). During the period of inflation of the lungs by the 
pump, the intra-pulmonary pressure is raised as the inflated lungs forcibly 
expand the chest cavity ; during deflation the intra-pulrnonary [)ressur(i falls. 
During inflation the capillaries, venules, and veins in the lungs and in the 
chest cavity are compressed, impeding the return of blood to the left heart 
and so decreasing the cardiac output and blood pressure ; tin; reverse occurs 
during deflation. If this explanation is correct then a simultaneous record 
of blood pressure and “ respiration would show the blood pressure falling 
with inspiration ” and rising with “ expiration.” 

Period of Stimulation. During the descent of tlie signal line, S, the spinal 
cord is subjected to " unipolar excitation ” and faradization.” What is 
“ unipolar excitation ” f Two electrodes are employed as follows : one 
electrode is a large indifferent electrode consisting, e.ij. of a large*, copper platt* 
wrapped round with cotton wool soakcjd in saline and fixed firmly over hairless 
skin (usually the foot pad) ; the mtive electro<le is a fim* wire which can be 
applied accurately to a very restricted regi<»n which is to be stimulated. 
Faradization means that the jirimary circuit of the induction coil employed 
is rhythmically interrupted. The electrodes are attached to the secondary 
circuit probably through a short-circuiting key. “ Unipolar faradization is 
]>articularly suitable for stimulating nervous surfacjes where the direction of 
the fibres to be excited lies mainly at right angles to the plane of the surface. 
It is therefore fitted for experiments on point-to-point stimulations of cut 
filanes of the central nervous system or the natural surfaces of the bulb or 
(a)rt(‘x Ciuebri.” Stimulation is carri^aj out in A for 8 sec. and in B for sec. 
In A after a latent jieriod of about O-b .sec. the l)l(jod juc'ssure begins to ascend 
smoothly but shows an increase in the? rate of ascent towards the end of 
stimulation ; the peak pressure attained is 110 mm. ilg ; the pres.sure falls 
to 90-100 min. Ilg at the end of stimulation. The heart rate obviouslv 
increases but accurate measurement is impossible in A. In B the blood 
pressure also begins to rise after a latency of about 0-5 .sec. and continues to 
rise throughout stimulation to a maximum of 70 mm. Hg. Th(^ cardiac 
acceleration sets in somewhat later (after 1 .sec.), the rate rising from about 
7 per sec. to about 10 c)r 11 per sec. [i.e. to over 600 per minute). 

Recovery Period. On cessation of stimulation in A the blood pressure 
progressively declines to about 70 mm. after 4-5 secs, and stays at about this 
level with small fluctuations to the end of the record. The size of the blood 
pressure variation with “ respiration ” becomes more marked towards the end 
of the period of stimulation and remains more marked to the end of the 
record. In B the blood pressure returns to normal in 5-6 secs. ; the cardiac 
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jiccoleratioii persists after the end of stimulation, arid at the end of the record 
the rate is still 8-9 per sec. (over ^(X) pe^r minute). 

Comment. The net r(\sult of the period of stimulation is a ris(^ of arterial 
blood pressure and acceleration of the heart, which continue for varying 
periods of time after stimulation is discontinued. Th(j simplest explanation 
of the results is that stimulation of the spinal cord leads to a discharge along 
the sympathetic nerves to the heart and blood vessels. Fig. b‘i7 shows the 
chief tracts which are found in the lateral columns of the spinal cord. TIkj 
fibres involved in the reaction arc presumably fibres descending from the 
brain stem to end in the lateral horns of grey matter in the thoracic and upper 
lumbar cord w-here the sympathetic connector cells are situated. The cardiac 
acceleration is presumably due to stimulation of fibn^s which descend from 
the cardio-accelerator centre in the medulla to end in Th 3, 4 where the cardiac 
sympathetic fibres arise. The detailed route of the sympathetic fibres to 
the heart is described on p. 709. The rise of arterial blood pressure may be 
due to increased cardiac output or increased peripheral resistance or both. 
Sympathetic stimulation increases the force as well as the rate f>f the heart 
l)eat ; but unless the venous return is simultaneously increastnl or there is a 
high initial level of venous pressure the cardiac output is not increased in 
consequence. In other words, the increascid heart rat(‘ diminish(*s the output 
per beat and geiuTally does not increase the output j)er minute. The tracings 
give no direct evidence on these points. Tlui a]>])arent pulse pressure is 
decreased when the heart is quickened, suggesting a det^rease in stroke volume ; 
but it must be remembcr<*d that, owing to the inertia of the mercury in the 
manometer, the size of the excursion per beat decreases when the heart 
quickens, even if the stroke volume is unaiTected. In B it is clear that the 
rise in blood pr(‘ssure precedcjs the outset of cardiac acceleration ; the blood 
pressure also declines in B while th(‘ cardiac ac(»eleration persists. It seems 
therefore that the ris(‘ of blood pressure and the cardiac acceleration are 
partly at any rate independent of oiie another. It may be assumed therefore 
that the rise of blood juessure is partly (if not wholly) due to increased peri¬ 
pheral resistance. Stimulation of the spinal cord excites the fibres passing 
down from the vasomotor centre to the sympathetic connector cells in Th 1 
to L 2 ; impulses flow out along the sympathetic nerves (for route employed 
cf. pp. 709 ct seq.) to the arterioles (and perhaps the capillaries and venules), 
produce vasoconstriction and so raise the blood pressure. Additional data 
would be needed to provide complete proof, such as those provided by plethys¬ 
mography (p. 301), blood flow (p. 305), or temperature measurements (p. 305). 

The after-elTects must now be dealt with, i.e. the persistent acceleration 
in B and the persistent elevation of the arterial blood pressure in A. It is 
known that 8ymj)athetic stimulation involves two chemical intermediaries : 
acetylcholine in the ganglia and adrenaline at the sympathetic terminals in 
the tissues. Jf the acetylcholine formed during stimulation in the ganglia 
were to j)ersist locally after cessation of stimulation it might continue to 
excite the ganglia and set up peripherally passing impulses. Similarly the 
adrenaline liberated [>eripherally might persist, so maintaining th(^ elfects 
of sympathetic stimulation after impulses had ceased to arriv^e at tlni blood 
vessels and lieart muscle. There is another possibility. If there is an outllow 
of impulses alorig the sympathetic generally in this experiment then the 
adrenal medulla may be stimulated (p. 730) causing a secretion of adrenaline 
3 ^> 
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into the circnlation; tliis adTcnaliiie will continue to produce j)CTipheral 
etlecis (i(leiiti(!iil with those of synipathetic stimulation) after stimulation 
has been discontinued. Secretion of adrenaline duriiiu stimulation may 
acscouiit for the step-like ascent in blood pressure already noted in A. 

As previously mentioned the extent of the blood pressure excursions which 
were attributed to respiration is increased in A during; the latter part of the 
period of stimulation and very obviously after stimulation has stopped. It 
suggests at first sight that there is an increase in the de[)th of rcsj»iralion. 
Hut no natural respiration is taking place and there is no reason to suppose 
that the stroke of the pumj) maintaining artificial respiration has been 
increased. The following suggestion may be made. The diigree of expansion 
of the lungs depends not only on the stroke of the pump but also on the 
resistance encountered in the resjiiratory passages, especially in the muscular 
bronchioles. When the bronchioles are constricted, the lungs becoim! less 
expanded; when the bronchioles dilate, the lungs undergo greater expansion. 
It is possible that in A bronchiolar dilatation occurs. It is known that 
sympathetic stimulation can produce broncho-dilatation. 
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Fio. (>88.—liociprocal reflex of antagonistic muscles of knee. 

F, soniiteiuliiiosus, a knee flexor; F, vasttu-rureus, a knee extensor; IP, ijisilateral 
IKipliteal nerve. The eoiitractkin of the flexor muscle is aeeompanied bv inhibition of the 
extensor; the latter is followed by a marked relMuiml eonlraelion. JJeeorebratA' i‘at. 
'rime marked above in ()‘2r» seconds. Tlie signal line signals upwards. The* myograph 
writer for e.xteiisor nniscJe is .set a little to right of that for llextir muscle in c.»r<ler that 
the two may elear (*ach other : the ascent of F aiul the «iesc<*nt of F are tluTcfore-, in fact. 
f)ra.cticaliy synchronous. 

(Figure ainl legend (slightly moililied) from Sherrington, Quart. J. vxp. Physiol. 

G. 257.) 
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Tlio |)ivj);ir;ir.i()ii is doferehrato, l.r. tin* brain stem has been trans-sected 
through or below llie ii.'d nucleuis and above DeiLers’ nucleus, geacially bcLWeeu 
the superior and inferior colliculi. Such a preparation can breathe naturally 
and has intact central and reflex niechanisina for the regulation of heart rate and 
blood pressure ; as the heat regulating centres hav(? been removed, the prep¬ 
aration is poikilotherinic. No details are given of the type of myograph eni- 
jiluved. Muscular conlracuon can be studied under i.si)inetMc or i.>otoiiic 
conditions (muscle tension or hmglii ]especliv<dy being riajorded). In this 
<‘\am|)le the contraction aj>j)ejirs to be istd<»nic and tin* d(*gree ol* shortening 
or lengthening of the muscle rdm‘s is In'ing studied (a cm. scnh* Inis been 
apj)endt*d for conveni(*nce) ; an ascmit of the h‘vi‘r ri‘|)r(‘sents contraction, 
a de.s(‘cnt relaxation. Inspection of the extensor n‘coi’d K shows that on 
stimulation of 11* (ipsilateral popliteal nerve) the levi‘r ialls markedly. Now 
completely unstimulaled skeletal muscle is fully relaxt-d : there are no 
efi’ei'ent inhibitory nerves to v<‘rtt^l>rate skch‘trd muscle, 'riiereforc if the 
extensor muscle .10 at sonn* stage unih‘rgoes relaxation b(‘yond its original 
control level, it must have bfcn initially in a. state of contra(.*tion. Tiiis 
contraction can oidy be <lue to imj»ul>«‘s reaching K along the mot.oi* fibres 
fr<.)m controlling \ entral horn celi^ : as ventral horn ci‘lls cannot discdiarge 
s])ontaneouslv they must havelw en umlergoing aif(U*ent. I.c. reflex stimulation. 
The exten.si.)r muscle initially is therefon* in a state* of njlrr co/zZ/Y/c/hoo 'fhis 
is to l.>e exj»ect(‘d in a decen*brat(‘ ])r<*paration in which all the (‘xtc'iisor 
(antigravity) muscles are retlexly contracteel as a r(‘sult of impulses set up 
by slMch of the antigravity muscles themselves ; this proj»rioc(*ptive* r(‘llex 
ce>nlraction represents niusch* timr which is present in heightened form a.nd 
in unusual distribution in the dt‘cer(‘brate pieparation and subs(*r\es its 
imperfect standing [lostun* (cf. p. NSd). There is no evidmu'e in the r(‘(‘or(l 
to indicate whether tlie flexor muscle K is init ially in a state of toiui or not : 
g(‘nerally but not invariably the antagonistic flexors in d(‘cer(*brale rigidity 
are recij)rocally inhibited. 

During the a.s(.*f*nt of the signal line J P, the. ipsilateral po|)liteal nerve 
was stimulated for J-5 sec. ipsilateral-M>f the .same side ; i.c. the |)oj»btral 
nerve the c«mtra.l end of whurh was stimulated (by interrupted induced 
current - fa 1 a,dization) was on tin? saim* side (in tlu^ sarm* limb) as tie- 
li'spondmg muscles. 

J^csulls of Stihialat toil. Arcs have l.»een m.scnbed by the luo levers on 
the ilrum while stationary to indicate their direction of movement. T1 ey 
1 1 .ins .sect tile contiol line Jdr F ami E at the jioint of of stimulation. 

After a. latent period of about ()• I .sec., the Ilexor F begins to contract., 
'fhe a.scent shows three or four step.s and reaches its summit (5-5 c.m.) afliu’ 
O f) sec. ; it rises very little further (with slight irregularities) to the end of 
stimulation. On cessation of stimulation the lever remains at its peak level 
or rises very sliglitly for a further period about equal to the latent period 
(about 0-1 sec.). Ilajiid relaxation sets in to M cm., the lever falling along 
an arc almost parallel to that inscribed on tluj stationary drum. After a 
trivial secondary recovery there is a further fall to 0-9 cm., followed by a 
secondary rise to a peak of 1 *4 cm. (1 *2 sec. after commencement of relaxation), 
with further gradual, irregular relaxation almost to base line (about 3 secs, 
after cessation of stimulation). 

In E, after a similar latent period fO-1 sec.) thf^ lever de.scond.s (the muscle 
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relaxes) first rapidly (showing one noteh) to 3*2 cm. in 0*2 sec. ; relaxation 
proceeds increasingly gradually (showing two further notches) right to the 
end of stimulation; the further fall is under 0*S cm. in just over 10 sec. 
On cessation of stimulation there is a small but unmistakable after-fall 
(i.e. further relaxation) follow<‘d by a sharp and striking ascrent of just over 
0*0 cm. (more than 5 crti. above control level), reacliing its peak in 1*5 sec. : 
the iinal part of the as<*ent is slower and irn'giilar. It is followed by a slow 
irregular descmit, lull- at the end of the record tlie lev<‘l of E is still 3*5 cm. 
above the control level. 

Comment: F. The latent period (p. 532) is due (as in all r(*flexes) to the 
time spent in conduction of the impulse in the afferent and efferent nerves, 
transmission at the neuromuscular junction (p. 510) and the latent period of 
the muscle its(‘lf (peripheral delay), plus the time spent in transmission in the 
central nervous system (central delay). The rate (»f development of contrac¬ 
tion, i.e. the rate of ascent of th(^ lever requires careful consideration, A 
reflex contraction is always a tetanus (never a twitch). A record of the motor 
tetanus of F (from faradic stimulation of its motor nerve) would have been 
v'aluable for purposes of comparison (cf. Fig. 33r)). Some indirect data are 
provided by the record. The rate of contraction of the muscle in a motor 
tetanus is of the sann* order as the rate of relaxation. It is quite clear that 
the rate of contraction of F is far slower than the initial substantial phase 
of its relaxation. The arguments set out on p. 538 indicate that the slow ascent 
may be due to progressive recruitment of motor neurones in the motor pool 
of F under the influence of continued afferent stimulation ; the steps on the 
ascent would represent the recruitment of large additional groups of motor 
neurones. Reflex recruitment is the result of central summation (p. 538). 
Recruitment is generally less well marked in the flexor than in the crossed 
extensor reflex (the former response tends to be of the d'emhlee type, i.e. all 
the motor neurones are activated approximately simultaneously). The 
stimulation jdateau represents the completion of the n'cruitrnent p7*ocess. 
On cessation of stimulation th(‘ tension of F is maintained at ])hiteau level 
for a time ecjual in duration to the latent p(n’iod : tliis post-stimulation 
|)latea.u is thus the n‘sult of impulses which w^ere still travelling in the reflex 
arc when stimulation stopped. Relaxation (to the extent of 5-7 cm.) then 
occurs inim(*diately and is due to cessation of the discharge from the corres¬ 
ponding motor neurones which are no longer reHexly stimulat(‘d. The 
subse(pient terminal delayed ndaxatioii is not due to any j)eculiar inherent 
]iroperty of the }>eri])h(*ral nerve-muscle mechanism : it must repr(‘sent after- 
discharge, i.e. some motor neurones continue to discharge although impulses 
Viy tin? direct (shortest) reflex route no longer arrive at the centre. As 
explained on p. 53b this after-discharge may be due .to impulses travelling in 
long circuits in the central nervous system. The fluctuating eharac^ter of the 
aft(^r-(liscliarge contraction cannot be ac(*ounted for by th(' data available 
in the re(;ord ; afferent impulses are, however, coming up from E, so that 
its rebound contraction (infra) may be playing some j>art. 

E. The latent period of the reflex response of E is due partly to peripheral 
and partly to central delay (as for F). Relaxation of E when it sets in is far 
slower than the main phase of relaxation of F. The relaxation must be due 
to central inhibition ; the afferent impulses in IP inhibit or arrest the dis¬ 
charge of the motor neurones of E. But as we have seen, the rate of relaxation 
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is slower than would be expected from simple cessation of all motor impulses 
to E (e.g, as on cessation of a peripheral motor tetanus). It is probable 
that the gradual relaxation which becomes progressively less rapid as stimula¬ 
tion continues, is due to inhibitory recruitment (cf. Fig. 340, p. 542), i.e. an 
increasing number of motor neurones in the motor pool for E are brought to 
rest as afferent stimulation continues ; the notches in the curve may indicate 
inhibition involving new large groups of motor neurones. Inhibitory recruit¬ 
ment is the result of central (inhibitory") summation. The after-fall (after 
cessation of stimulation) may bo accounted for as follows. TP contains many 
fibres, not all of which are necessarily inhibitory to K ; most of them are, 
as seen by the results of stimulation of IP, but some may be excitatory. The 
response of E would depend on the algebraic sum of the central effects produced 
55 : the inhibitory and excitatory afferents in IP on the motor pool of K. Tliese 
opposing central effects may not persist for the same length of time on cessation 
of stimulation. If it is supposed that central excitation dies down more 
quickly than competing central inhibition, there would be a temporary 
accentuation of tlu? effective central inhibition ox(*rted on the motor pool of 
E. The after-fall is followed by a very striking rebound contraction, the 
exact causation of which is unknown apart from th(‘ fact that it follows on 
central inhibition. During this period the discharge of the motor neurones 
of E is temporarily enhanced above that produtdng the initial level of tone. 

With reference to F, the ipsilateral popliteal nerve IP is an excitatory 
afferent; with reference to E, J P is an inhibitory afferent. Then? is no evidence 
that two kinds of fibres are present in IP, one exclusively excitatory to F, 
the other exclusively inhibitory to K. It is known that if the flexor F and 
the extensor E on the contralateral side w’ere recorded, I P would prove to 
be excitatory to E (cro.ssed extensor reffex) and inhibitory to F. The antagon¬ 
istic effects of IP on ip8ilat(?ral F and E depend therefore on differences in 
the central terminals. Fig. 345 shows the supposed arrangement; some 
collaterals from IP go to F, others to E. The synaptic terminals on the 
centre for F are excitatory (excitatory transmission occurring), those on the 
centre for E are inhibitory (inhibitory transmission occurring). Tlie result 
is contraction of F (the protagonist) and reciprocal inhibition of E (the 
antagonist) permitting smooth flexion of the knee to occur. Tlie tracing 
illustrates therefore reciprocal innervation. “ In this co-ordination the 
inhibition is not peripheral but central, that is, it has its seat not in the 
muscle nor in the peripheral ntjrves, but in the nervous centre*, probably 
about the starting-point of the ‘ final common path.’ The muscle relaxes 
because the motor discharge from that centre is abated.” 

The tracing may arouse reflections about inhibition in relation to autonomic 
and to skeletal muscle respectively. The most appropriate comment can be 
given in a quotation from Sherrington : 

Nerve makes its first appearance phylogenetically in association with 
muscle. Of all tissues muscle is the closest and most delicate exponent of 
nerve-action. Yet not all muscle is equally intimately tied to nervous centres. 
The beat of the heart, freely separable from central nervous action, proceeds 
unimpaired after the heart’s removal from the body. Similarly the intestinal 
and other visceral muscles, e,g, bladder, continue their rhythmic contractions 
after rupture of all extrinsic nervous ties. Almost as full is the muscular in¬ 
dependence of the blood vessels. Their tonus is in many rasea impaired by 
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severance of their connexions with the neuraxis (central nervous system), 
yet the impairment is but transient. Thus the contractile activity of these 
visceral and vascular muscles is fundamentally independent of central 
nervous influence. Yet, to all these visceral and vascular muscles, iiicludinjn; 
the heart itself, nerves are distributed from the central nervous system, and 
through these nerves that system does on occasion influence visceral and 
vascular activity. The nature of the influence thus exerted is in all these 
cases twofold. Two influences opposite in kind and direction can be exerted, 
and sometimes one is employed, sometimes the other. The one augments the 
contractile activity of the muscle, the other diminishes it; the former is 
termed excitatory, the latter inhibitory ; and the nerve fibres which unfold 
these two influences respectively are distinct from one another. 

“ Ill striking contrast with this large measure of independence from the 
central nervous system shown by the visceral and vascular muscles stands the 
complete dependence on that system of the skeletal muscles. The contraction 
of a skeletal muscle is always the expression of a mandate sent to it from the 
neuraxis. Even with the |>>‘ripheral nerve-rnus(*le preparation, a stimulus to 
the nerve throws the musch* into contraction more readily than a stimulus 
applied directly to itself. After severance of its nerve, a skeletal muscle never, 
except under artificial stimulation, contracts again. Hence, when removed 
from the body, a skeletal muscle, unlike the heart, intestine, stomach, bladder, 
etc., never of itself contracts again. Merc section of its nerve, even when the 
muscle remains m situ, causes it to lapse into a paralytic quietude so profound 
that its very structure becomes in a short time hardly recognisable as muscle. 
Its contractive function and its very nutrition are indissolubly dependent on 
the neuraxial centre which innervates it. 

That stimulation of the nerve of a skeletal muscle readily and regularly 
elicits contraction of the muscle was known early. The discovery later 
of nerves augmenting and accelerating the contractions of the visceral 
and circulatory muscles fell into line with that previous knowledge, and 
seemed natural enough. But the discovery by the Webers in 1846 that 
a nerve passing to the heart can stop or inhibit that muscle s contraction 
seemed so surprising that at first it was by many not accepted. When assured 
as a fact, it was, however, recognized as a phenomenon of high significance, 
unlikely to stand alone. Search for inhibitory nerves to other muscles was 
begun. The muscle of the intestine wall was shown to have an inhibitory nerve 
(n. splanchnicus, Pfliiger, 1857). The ring-musculature of the submaxillary 
artery and its branches was shown to receive an inhibitory nerve (chorda 
tyinpani, Bernard, 1858). Meanwhile, there was always expectation of dis¬ 
covery of inhibitory nerves to skeletal muscle. In 1885, Pavlov discovered 
inhibitory nerves for the adductor muscles of the bivalve mollusc Anodon ; 
and similarly Biederman, in J886, inhibitory nerves for the claw muscles of 
the arthropod Astacus. For the skeletal muscles of vertebrates, however, 
no such inhibitory nerves have come to light. 

“ Yet it were strange did the abundant machinery of the vertebrate 
nervous system provide no means for checking or curbing the contraction of 
the muscles of its great skeletal muscular congeries. That congeries, with its 
manifold individual pieces, some diametrically opposed to others, is so 
complex, and the confusion and waste of effort consequent were its opponent 
parts to obstruct each other’s action would seem so foreign to Nature’s usual 
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liarmonious economy, that inhibitory aa well aa excitatory control appears 
a priori almost a necessity. The negative result of the search for skeletal 
inhibitories did not quell th(* expectation that they would ultimately be 
found ; the search was often renewed. It was, however, always a search 
for direct efferent inhibitory nerves passing to the muscle from the central 
nervous system on the plan aln^ady discovered for visceral and circulatory 
muscles. Yet when the broad facts are kept in view, that plan does not 
appear as necessarily the one most likely to exist. With the skeletal muscle, 
contraction has become so wholly dependent on the central nervous system 
that it contracts only wlien the immediate spinal or cranial motor centre 
summons it to do so. With a muscle which contracts solely at behest of its 
motor nerve-centre, a simple plan to control the muscle is to control the 
centre. And, in fact, it is now found that the inhibitory control over 
skeletal muscle is obtained by centripetal inhibitory nerves acting on the 
muscles’ motor centres; the control is not by centrifugal nerves directly 
inhibiting the muscles themselves. Hence, unlike the autonomous muscles, 
visceral and circulatory, which receive two kinds of centrifugal nerves, ex¬ 
citatory and inhibitory, the skeletal muscle receives but one nerve, namely, 
an excitatory or motor nerve. No inhibitory nerve is supplied to it. Hut its 
motor centre receives two kinds of centripetal nerves, excitatory and inhibitory. 

“ The state of the skeletal muscle reflects faithfully the state of its motor 
centre. Its motor centre is the only source whence impulses can reach it. 
Upon that motor centre many nerve-paths converge, transmitting to it 
nervous impulses from various receptive points and from centres elsewhere. 
Of these nerve-paths some excite, others inhibit. The latter, by quelling or 
moderating the discharge from the motor centre, quell or moderate the con¬ 
traction of the muscle. The inhibition of the skeletal muscle is therefore 
always reflex; and the study of skeletal inhibition falls wholly under the 
head of reflex action. The motor centre is a convergence point for various 
reflex influences competing, so to say, for dominance over the muscle. The 
motor centre lies as an instrument passive in the hands of opposing forces of 
excitation and inhibition, exerted by nerve channels which impinge upon it. 
Sometimes the one influence and sometimes the other influence prevails ; 
often the two are simultaneously in action, and then these opponents partiall}' 
cancel, either spatially in proportion to the relative intensity of their respectiv<‘ 
stimulations, or temporally by alternating with each other rhythmically in 
their dominance over the motor centre, thus producing rhythmic reflexes.’' 
[This long quotation is from Sherrington's paper entitled “ Reflex Inhibition 
as a Factor in the Co-ordination of Movements and Postures ” in Quart. J. 
exp. Physiol, 1913, 6, 251-310.] 



INDEX 


Alxloinitial pain, TaJ). 
n‘(it*xfs. ()4r>. 

AlKirtiori. prodiicxMi by stilbrrstroi, 1082. 
pro^ri'sfrroru* treatiiieiit, 1082. 
vitamin-/!,’ treatiuent, I0S7. 

Aeapriia (CO., lack), .SO.'i. 

Aci-<‘ss{»rv fon«i factors, 1010. 
Acclimatization to anoxia, too. 44r>. 
alkaline urine in. OS, 4tH. 
increased brealliini; in, |0I. 
to ln‘at. 478. 

.•Veetunnioiiation of nerve- fibres, 404. 
in tetany, lOft.j. 

Acetic acid, acetylation reaction, 87.4. 

buiMin*^ units for bodv coniponents, 
87.4. 

complete <lissiinila(ion. 872. 
condensation to aceto-acetie aeul, 872. 
conjiiftation with, in liver. S2S. 
formation of, 871. 

relation toeitricaeid cycle, 8.41, H.42,872. 
.synthesis of fatty acid, 874. 
units, 871, 872. Sec Fat. 

Ai'eto-aeetie acid, 880. See Ketone bodies. 
Acetone bodies. Sec Ketone boflies. 
Acetone, 860. 

Acetylcholine, actions of, 718. 
after atroyiine, 718. 

nicotine, 719. 
on chemoreceptors, 745. 
circulation. 718. 
leech back muscle, 720. 
skeletal muscle, .513, 514. 
spinal cord, 530. 
supra-optic nucleus, 710. 
sweat ^lanrls, 718. 
bioUiirieal tests for. 720. 
ebeinist ry of. .500. 
destroyed by esterase, 514, 72lt 
direct action, 718. 
iinisearine aid ion, 7 IS. 
nicotine action. 718. 

staiiili/ed by e.sei*ine and other ;»-nti- 
elioliiiestera.ses, 511. 

transmitter at jiara sympathetic ter¬ 
minals. 710. 720. 
in spinal eord, 530. 

autonumie jj^anglia, 523. 
of dorsal nerve roots, 721. 
to skeletal miisele, 513. 721. 

Achalasia of eardia, 815. 

Achlorhydria., AVc Aidiylia pistrica. 
Acholuric (congenital, familial, luemolytie) 
jaundice, 220. 
red cell fragility in, 170. 
spUuiectomy for, 220. 

Achylia, gastnea, 107 , 202. 784, 862. 


Acidic ionization, 855. 

Acid tide, 00. 

Acidaemia, so, loi. 

comperiisation for, 01 * ( .srq. 
dyspnaja from, 04, 00, 45<i. 
effect on breathing, 04, 306, 307. 
kitlney, 04 et .v/v/. 
respiratory quotient, 374. 
]>athol(»gical, 00, 102. 

Sci- Blooil, rt:acfion uf. pathological. 
.\eido.sis, 80, 101. 

Acromegaly, 035. 
glycosuria in, 941. 
serum F in, 1001. 
sexual changes in. 041. 
skeletal irhanges in, 035. 
thymus in, 1017. 
tumour cells, 44. 
visual {‘hanges in, 580. 

.\etin, 426. 

Aifto-myosin. 426. 

adenosine triphosphate and, 426. 
muscle contraction and, 427. 

ACTH (adrenocorticotrophie hormone), 030, 
046. 

action on adrenal cortex, 946. 
thymus, 1016. 

Cushing’s syndrome, 947, 954, 965. 
diabetogenic action, 964. 
effects of hypophysectomy, 946. 

injection into animals, 946. 
eosinophil count and, 951, 952. 
glycosuria from, 965. 

17-ketosteroids in urine, 932. 
overseiTcdion, 965. 
polypeptide, 964, n. 3. 
ivspoiise to stress, 947. Stc {Stress, 
treatment of gout, 899. 

Action potentials in auditory pathway, 573. 
ill cerebral cortex. 616. Sec Klcetro- 
eneepbalograni. 
elieinoreeeptor.s, 745. 
heart muscle, 239. Sec Electro¬ 
cardiogram, 
nerve fibre (v-r.), 485 
.sensory nerves, 551. 
sinus nerve, 742. 
skeletal muscle, 427. 
ill ankle clonus, 644. 

decerebrate rigitlity, 585. 
respiratory muscles, 392. 
voluntary movement. 647 el .scq. 
soniatie st'nsory eorU^x, 568. 
vagi during breathing, 387. 

Acute yellow atropliy of liver (icterus 
gravis), 833. 

vitamin-/v useless in, 153. 


* lYepared by 1. Caliiia and sheila Wright. 
^ 5 * 112 » 



1130 


INDKX 


Adaptation, 

syndrtniu*, IMil. n. 

Addison’s disease, 

blood Xa>, K ‘ and (’!' in, 
pressuri*. 
reaction, 9.V). 
sujctar, 9r»ti. 
volume, yoo. 
c'ortisone for, ybl. 
crisis, yr>7, 

insulin sensitivity, yr>b. 
kidney function, y."M. 
inuscle power, yOti. 
pigmentation, yr»7. 

Robinson's test. yrai. 
salt depletion test, yoti. 
thymus in, lnl7. 
treatment of. IMiR, ytil. 
urine in, 957. 

Adenin(‘, S7S, Sbo. 

pool, syt). 

Ademjsine, .’{lib, 

diphosphate, 42(), S42, 
nionopijosphati' (AMi‘), S4:i, 
triphosphate (ATP), 4LHj, 837. 842. 843, 
S44, S4o, 848. 

Adenylic acid, 317, 320, 330. 
Adiadoehokinesia, til I. 

Adipose tissue. 805. 

Adrenal cortex, y43- ytiy. 

ACTH (<7.r.) and, 946. 
actions of, diabetogenic, 945, 
on kidney, 945. 

mammury gland, 1094. 
metabolism, 945. 
sweat glands, 945. 

active principles of, 957. XVe Adrenal 
eorticoids. 
amorphous, 958. 
crystalline, 957. 

Addison’s disease (</.c.), 954. 
ad.rcnal feminization, 968. 

virilism, 968. 
adrcnalcM.'lomy, 945. 
adrenogenital syndrome, 9ti<i. 
adult syndromes, 968. 
ascorbic acid ui, 944, 1039. 
atrophy of, inducecl by cortic-oids, 959, 
carbohydrate absorption and, 836. 
clinical indice.s of activity, 951. 
comparative anatomy, 944. 
eorticoids in urine, 954. 

Cushing’s syndrome, 965, 9t)t), 9t)7. 
embryology, 945, 
eosinophil count and, 951. 952 
functions of, 945. 
histolo^, 944. 

insufficiency of, 954. 6’ee Addison’s 
disease, 
lipides in, 944. 
methods of study, 946, 951. 


Adrenal cortex, ini\i‘d syndromes, 9ti!». 
|H*rfiision of, t>60. 

prec-ocioiis isosc*\ual developmcmt in 
children. 967. 
scsTction of. 94<}. 

17 -ketcistcjoids {i/.r.) in urine and, 952. 
sex hormones in, 958. 
strt‘ss. response to. 947. 

Adrenal eorticoids, actions of. 96b 96!>. 
un blood (Mtsinophils. 951. 952. 

\a c'ontcMil of sweat. 952. 
thymus. lbH». 

amorphous fraction. 95S. ‘ttib. 
and ascites, 823. 
c'cjld, 480. 
shock. 344. 

.sweat secretion. 4t)7. 476. 945. 
androsteronc* and. 958. 95!t. 
l ortieosterone. 959. 
eortii^one (c/.c.). 

( ry.stalline, 957. 

I l-deliydro '17-hydro.\yeortic (>st«M‘one 

(compound K, cortisone), 959. 
desnxyeorticoids, 958. 
tlesoxy eort ieost enaie (< lei ».vy<3 >rt (me) 
acetate (I)l>C.\, IH’A), !t59. 
de.so.\ycortisone (compouml S). 959. 

II -deso.xy -17 - hydro.\> <?ortieosleroMe 

(componmi S). t)59. 
glucoeorti<’oids, 958. 

17"■ h vdroX\'eortieosteroiu* (eom pound 
K). 954, 959. 960. 
17-ketoHteroidH in urine, 952. 
mineraloeortieoids, 95s. 
natural, which, 958. 
ox N cort ieoids, 958. 
sex hormones and, 958. 

Adrenal feminization, 9t)8. 

virili.sni, 9t)8. 

Adrenal gland, 723, 943. 
accessory tissue, 945. 
embryology, 945. 
extirpation of, 945. 
histology of, 943. 

Adrenal niedulla, 723-735. 
ace(‘s.sory tisane, 945 n. 1. 
ac'tive principles of, 723. 
trf>mpaiative anatomy. 944. 
functiouvS of, 729. 
injection of extracts of, 724. 
nerve supply, 73b. 
iior-adrenaline, 723, 729. 
secretion of, and blood pressure, 734. 
centre controlling, 730. 
eontinnous, 731. 
in oxposuro to tfold, 480, 733. 
hypoglycasmia, 915. 
physical and emotional stress, 
732, 960. 

methods of demonstrating, 729. 
regulation. 731. 
siiio-aortic nerves and, 734. 
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Adrenal medulla, n<Tv<* ami, 7:to. 
stni(.*tur(> ril‘, ‘. 1411 . 

tumours of (phaMK'hromocytomji), 7 IVI. 

Atlrerialcotoiny, 114o. 

Adrenaline, actions of, 721 

annulled by erj'otoxine, 7 ‘JH. 
iinti-euriiro action, 7 :! 7 . 
cpliodrine on, olO, 721 ) 
in man, 720 

tin adrcmal «*ork‘x, 72 S, PoO. 
basal metabolism. MNO, 72 b. 
bladder, 707 . 
l)loo<i, 727 . 
blood jircssurt*, 721 . 

IiKxkJ siifjrar, 727 , .S. 77 . 
brouchiolfis, 40 P, 727 . 
caj»illarios, .*i 2 I. 
coronaiy aiicries, 237 . 
eosinophil count, Pol. P.j 2 . 
t\vc. 724 . 

after extirpation of superi<»r 
ccrvi<'al ^aiij^lion. olO, 72 P. 
gall l)la«hier, SO| 
h(?art, 274 , 2 S 2 . 72 o. 
kidney. 72 S. 
liver, 727 , lSo 7 . 
pituitary, 728 , P 31 . 
respiratioTi, 404 , 72 o. 
skeletal musele, o 2 l, 727 . 
spinal cord, 72 S. 
s\Neat glaiuls, 481 . 
wliite cell < ount, Po 2 . 
aniine-oxidase ami, olO. 
apmea, 725 . 

as sympathotie traiisfiiitter, 5 hi. 

biological tests for, 72 P. 

chemist ry of, 72 P. 

for hvpoglyca>mi;i. PIO. 

glycosuria, 727 . 

in exercise, 732 . 

potentiation of, 72P. 

site of action. 728. 

synthesis, 883 . *Scc Nor-adremiline. 

.\drene-rgi(! nerves, 50 S. 

Adreimcrortic’otrophie hormone (atlreimtrie 
phin), 47 vS. .sVc .AC'rH, 

.Adronoge-nital syndrome, POO. 

Aerotonorneter, Krogh s, 307. 

Afferent nervous system, 547 582 . 

Afferents, visceral. 735-7()(). 

.\fter-disoharge, 520, 53P. 

After-potential in nerve, 48P. 

.'\ge, and metabolic rahi, 378. 

Ageno, poisoning, J05P. 
relation to methionine, 1U5P. 

Agglutination of rod colls, 170. 

Agglutinin, 176. 

Agglutinogen, 176. 

Agnosia, 662. 

Agranular cortex, 614. 

Agranulocytosis, 221. 
treatment of. 220. 


-Agraphia. 051. 

.\ir hunger in biabetn coma, P25. 

.Vlaetic a<-id <l(4>t, 43P. 

Alanine. 870. 

.Alaijyl histidine (r-arm)sifie), 427. 

Alarm reaction, POI, n. 3. 

Albumin in plasma. >Vc/: Plasma |iroteiriS. 
Albuminuria, 28, P5, 113. 

Aleaptonuria, 8PU. 

Alcoholic; cirrhosis of liver. 80P. 

Alcoholic neuropathy, thiamine hir, h)30. 
Alexia, t>55. 

Alimentary canal, nerve supply of, PlU. 

glycosuria. P28. 

AlkalEemia, !1P. 

blood calcium in, hM»7. 
compensaticuis for, PI i / .s'c<y. 
eflect on breathing, P4, 3P7. 
on lieart, 230, 

kitiiiev. P4 r/ .miq. 
respiratory (puitierit.. .374. 
from high temptMatures, 4ht. 
overventilal ion. Ptl. 4<Hi. 
i)., lack. 40U. 
patliologiital, PP c/ y. 

s\'m])tonis of, 101. 
tetany from, PP, lu5. 
treatment of, hiJ, 408. 1007. 

.N’c; hhjod. reaction of, palliologieal 
.\lkali reserve, measupermuit of. ‘111. 
.Alkaline tide, PP. 

.\lkalosi>, PO. 

Allanioin. SP7. 

All-or-none law, in lasut. 235. 
ill mu.M-Ie, 505. 
nervi*. 4sP. 

Allocortex, (il.3. 

Alloxan, poisons islets of Langiirhaus, Pin. 
.Alternate ;Vt>\idation. 871. 

Altitude, high, and oxygmi lack. 400. 

Hying at, 113, 440. 

Alveolar air, 3t)3. 

at high altitnde.N. 4.00. 

<-olh*etion of, 304 
I'oiiipo.sition of, .304. 
dead space determina.tioii from, 305. 
during gastric seeri'tion, ,3PS 
])aiicrealie .secretion, 3P7, 
periodic breathing, 400. 
shallow breathing. 447. 
sleep, 103, 405. 

etVcct of ammonium chloride on. 3P7, 
of diet on. 3P7. 

c.vcess COa in inspired air on, 3P4. 
oxygen lack on, 400. 
following hyperpnoea, 400. 
gas tensions in, 367. 
in achlorhydria, 398. 
acidasima, 101, 397. 
alkal^emia, 100, 397. 
diabetes mellitua, 100, 102, 397, 

450. 
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Alveolar air, in <Mnj)livsfma. 4r)!i. 
fxtornal heat, 407. 47S. 
iK-.irl t’ailiiie, 450. 
lU'phritis. 77, 4rA\. 
starvation, OOl. 
iiraMiiia, 77, 450. 

relation of pnlinonarv verOilation to, 

:m. 

to arterial hlooO. .407. 

CO poisoning. 440. 

Alveoli, (litfnsioTi rale tliroiieji. 

L^aseous inlerehanm's in. .‘hiO. 
slnieture of, 404. 
une<|ual ventil.ation. 447. 

Amenorrhoea, during laetation. Io05. 

jioiKulotroplnn treatnuait of. lOSO. 
o^strot^en treatment, of, 10S2. 
ovarian hormone treatment of, i074. 

.Vniination of non-nitrogeiion*< residues <if 
.T,iniin>-aeids. SS5. 

Ainine-oxidase, 510, 7-0. 

inliibit(‘d bv e])bedrine, 510. 

Aniino>a<'i<i o.xidase, JSJS5. 

Amino-acids, absorjitajn of, 870. 
after hepateetoiny, 825, 
ainination of iion-nitrog<*nou.s rt‘sidues. 
885. 880. 

ammonia forniati(m, 885. 
aromatic, 882. 

fate of residues, 890. 
converted into blood glucose, 857, 888. 
deamination, oxidative, 886. 
dynamic equilibrium, 879, 
es.«iential (indispensable), 881, 105J. 
relation to nitrogenous equilib¬ 
rium, 904. 
fate of, 885. 

glycine, 880. 
for mu be of, 876-878. 
glueogenie, 887. 
in diabetes, 024. 
inter-relations <4’. 880. 
in urine, 805. 

in Kaneoni syndn»me, 805, 
k<.*togeni<-, 887. 
liver and, 825, 886. 

non-nitrogenous residues, fa.te uf, 8.H7. 

por>l, 870. 

r(;sidues, 886, 

sp<‘eilie roles of, 882. 

sulphur-eoiilaining, 882. 

transaruination, 886. 

turiuiver, 870. 

urea, formation (q.r.)^ 886, 

utilization, 880. Src. Protein. 

Aiumo-bcnz()ic acid, thyroid defieieiie\- 
from, 989. 

Ammonia formation from amino-a(;itl.*^, 
885. 

of urine and blood reaction, 07. 

Ainmoiiium chloride, ucidaunia frofn, 08. 
dyspnma from, 456. 


Antnrphoiis fraetion i» adrenal eortex 
<»58, 060. 

AinylaN(\ 700, 845. 

Ana<‘r(4ie ])iilse. 2(»2. 

Anaemia, al)s»‘nt in pure vilami»)-r deti 
eiem y, Ht40. 
aeblorhvilria. and, 107. 
anoxia fnun, 448. 
a])lastie. 104. 
i-opper and, 104. 214. 
extrinsic factor and, 200. 
luemat inie prim-ipb* and. iOS. 
lucmolytic ana inias, 171. 
lucmorrbagie. 85. 
bypcM-bn)!ni<', hiS. 212. 
in bintin defhMtuu’y, Kt'lS. 
ealnrii* delieienev, I04ti. 
infants. 207. 
iron detieieiiey, 2o4. 
liviM- jlisisi.'ie. 20 4. 
pregnaiuy, 20ti. 

.stuirvy, 104. 
sprue. 204. 

tlnamim* detii icncy. 1041. 
thyroid deUcitmev. 104. 
intrinsh' factor and, 200. 
liver treatment of. 107. 
maeroeytie. J68, 106. 
microcytic, 168. 
pernicious {q.v.), 106 
types of, 168. 
vcntriculiri and, 203. 

.Anamiic anoxia. See Anoxia. 

Analysers, 681. 

acoustic, 681, 
cutaneou.s, 682. 
peripheral, 550. 

studv of, l)v conditioned dittenuitiation 
68 * 1 . 

vi.sual. 682. 

Anaphybixi.s, 448. 

Androgens, actions of. (»n epididymis, 1102 
on setondarv male .sex characters 
1111 .' 

.seminiferous tubules, 1111. 
sperms in fqudidymLs, 1111. 
iiggravaK^ pro.statie careiinuna, 1117. 
andnistane, 1076. 

androsterone, 058, 050, 1076, IIIO. 
clinical use of, 1082. 1111. 

for (‘areinoma of breast, 1082. 
eunuchoidism, 1112. 
menorrhagia, 1082. 
in adrenal eortex, 967. 

virilizing ovarian tumours, 1110. 
iao-dehydro-;tndro.sterone, 1110. 
maseiiliniziug action, 1082, 1084. 
methyl te.sto.steronc, Jill, 
aecretir)!! of, 1104. 

.structure of, 1076. 
t/cstosteronc, 1110. 
propionate, 1111. 
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Androgens, usrlcss for si m file ]»rc>stati(r 
liyfM'i'tropliy, 1117. Sn 'I'Mstis. 
AndrostiifK!. 1070. 

.\iiilr<)sU‘ri»n(?, Ur»<S 050. H»70, 1 1 10. 
.Aiuduftrotonus of iicrvf, 4SH. 

.■\n(‘urin, 1025. Srt Tliiaiiunc. 

Angina. ol ftlMti. 752. 

Angina pectoris, 7:io. 7 is, 7 I0, 75o. 751. 

AMj'iotonin. .‘MO. 

Angular stomatitis, lOltl, KKM. 
Anliyilra'iniii, 4, 100. 

Aiilvio clonus in pyramidal Icsi^ms. Till 
An<»\ ulat-ory menstrual cycle. |072. 
Ano\;cmia. Srr Anoxia. 

Anoxia, 2. 442. 

at liij'h altitudes. 100 . 

,-icciiniati/a1 ion to { 7 ./.). lOO. 115. 
alkala-mia. from, 400. 445. 
anaemic, lis. 

in lia‘morr}ia.L(c.. S2, S.“i, ^ll I. 

pernicious an.-cniia ( 7 .''.). 100, 440. 
poixuiin;/ \\ it li (’<), 4 l!t. 

]>oisoniiijj: with dniL^'--. 110. 

anoxic, 440. 

from alt.crati«m of alveolar epithelium, 
447. 

shallow hn'allun^', 447. 
in ulmonnalities of heart and hlood 
Ne.ssels. 44 s, 
collapse of lunjis, 4 IS. 
cmjihysmna. 450. 
lu'art iaiinre. 44S, 
luhar piiemmuiia, 44S. 
a'deina of lime, 4 IS. 
cerebral, from 0._, excess. lo:i. 
cyanosis from, 444, 452. 
delayed (‘IVeets of, 411. 
dyspiuea from. 150. 

effects of, on circulation, 2:Ui, 274. 2S2. 
:»00. 444. 

on coronary circulation. 2117. 
di|.?estioii, 144. 
nervous system, 442. 
resfliration, IlOS, 402. 144. 
s])lecn, 220 . 
in sl.ratos])}»ere, 110 . 
histotoxic (isehamiie), 450. 
nu'chanism of action, 102 . 
periodic luvathine in. Itil. 
stagnant, 150. 
types of. 440. 

Ani>\i(t anoxia. 440. Str .\n<»\ia, 
.\ntaju:oni.st;.s, 040. 

.\nlcrior horn cells, Neutral hm-n 

I •ells. 

Anti-cholinesterases, 50i). 

action on .skeletal muscle. 515. 

on spinal eord, 501. 
chemical constitution, 510. 
for myasthenia era vis, 51s. 
tertiary and (juaternary, 5i0. 

Sec. K.serine. l*ro.sti^minc. 


Anticoaeulants. 1 4;i. 

Antidiuretic hormone, 45, 5i. 

and ascites, S22. 
in urine, 1000. 
secretion of. 51 . 

1 ‘linical O-st of. 55. 
mnotions and, 51. 
plawma. osmotic pres>;iirc and, 5|. 
.salt deprivation and, 55. 

Sait excess ami. 54. 
water <i(>privatioij and, 51. 

.V/* IMtuitary. 

Antidromic stimulation, vasodilatation 
from, : 10 s. 721. 

Aiitiec.n. !1.‘{S. 

AntieraA-ity muscle.--. 5.S4. 

Autipm'i.stalsis. SOO. Sh». s|;;. 

,V<»rta. jire.ssure clia.n}.r'*s itr. 2»in, 

Aortic body, 7 :is. 745 . 
nerve, 7:i5, 

relation to adrenaline sccri'lion. 7,‘M, 
to hlood pressure. Oil. 515, 7.‘l!h 
hciul. rale. 272, 7;l!t. 
resf)iration. 404. 

.-ection of. 272. .411. 

.‘'tinmlation of. 415, 740. 
regurgitation, 207. 

hliMMi pn^.ssure in. 207. 
i-apillary pulsatifui in, 200. 

(‘ollajise of pulse in. 20S. 

<*oiUf)ari.son with artt‘rio - venous 
aneurysm, 20S. 

<*oronary einmiation in. 200. 
water hammer pulse, 20S. 

Aphasia, varieties of, 055. 
a.gra})hia, 054. 
alexia, 05.5. 
l ortieal, 055, 
jargon. 050, 
motor, 0.5.5, 
nominal. 050. 

.-emantie. 050. 
syntactical, 050. 
verlial, 0.50. 
word hlimlness, 0,5.5. 
deafness, ti.5.5. 

Apiieusis, 4S»). 

Apneu.slie hreatliinii, 4St>. 
etVect of anoxia on, 404. 

(4 >2 on, 405. 

produced h\ iujury to resjiiratory 
centres. 4!M. 

Apneea durinjj: swallowine, 400. 
from ("Mj lack, 400. 

injection of iulrenaline, 404, 725. 
raised hlood pressure, 404, 
voluntary hyperpmea, 400. 

perioilic hreathine aft(?r, 4o7. 

A|K>tui/.yine,, 840. 

Apoferritin, 187, 204. 

Apfamdieitis, pain in, 704. 

Appemlix, sciisihility of, 704. 
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Ap|H‘titr jiiict'. <)7S, 777. 

Apraxia, (kid. 

Aqiiednotus Sylvii [i-^'rolmil aipiotluct |. JlM. 

obstrm tioii of, JlM). 

Aqueous luiinour, foriniiliun, .‘b 
Arachnoid villi, 123. 

Area vascidosa, J(>0. 

Arginas€>, SS7. 

Arginine, S77. 

crejitiiie syntlu'sis, SiKi. 
ureji formation, SS7. 

Argyll Robertson pupil, oT'.h 
Arihollaviiinsis. 10.31. 

Arm <»o2. 

Arreetores iier\e supply of, 70P. 
Arteriid gas tensions in, .3<.i7, 10P. 

414. 

-\enf»us oxyg<‘n <liffercncc. 4J.3. 

Arteries, ])eriplier;d. sensory supply i*l. 
7.3S. n. 2. 

Arterioles, action ol tissm* extrjMts on, 
317. 

adjusted to loe.a! needs. .31(». 
tlilator lil>res to, .30S. 

(‘Ifects of symjiathectoiny, 3(»(r 
in hypc^rtf'nsion, 3r4. 
iierv(»ns conlrol oj, 303 <t suf, St> J^»l<iod 
jiressure. 

Arterio-venous aimsOnnosis. .317. 

aneurysm, arterial plKaiomon;! in. 20s. 

Artificial respiration, 3S1. 

I4ragg-l*aul m(‘thod. ,3S2. 

Printer's inethcjd, 3JS2. 

Kve’s rocking method, 3 nI. 

Sc}iaf(*r's iiu^thod, 3JSI. 
Aschheim-Zondek test for pregnancy, ioso. 
Ascites, Jidrernd <'<»rticoid> jind. Kg.3, 
antidiurctic lunrnonc an*l. S22. 
in cardijic failure, IIJ, .S2.3. n. 2. 

nephrosis, JI3, 82.3, n. 2, 
meat diet on, S22. 
portal v(*in ]>rc.ssiire in. H’2’2. 
serum alhumin and. «22. 

Ascorbic acid, ld3S. \ it5Mnin-( '. 

in adrenjil cort<‘X, IM l. 

Asparagine, 877. 

Aspartic acid, 877. 

Asphyxia, adrcnalirui secretion in, 731. 

dy.sy>no*a from. 4o4. 

A.ssimilation, 810. 

A.ssociated reactions (movements), 043. 
Astlumia in cereljclhir dise.ise, SiO. 

Asthma, 409. 
adrenaline for, 727, 
anoxia in, 448. 

conditioned ndlexes and, fi78. 
dyspnoia in, 4.77. 
thyniie, 1017. 

Asynchronous diseliargc of ventral horn 
cells, 302, 501, 585. 

Asynergiu in cerebellar lesions, Olo. 

Al'iO (liihvfiiotai hy,sterol), lOOG. 


Ataxy in ecrehcliar lesions. 012. 
in ilorsjil root lesion.^, 500. 
sensory t'orlieiil lesions, 570. 
tubes, 5<i2. 

thalamie lesions. 507. 

Athet(»sis, Otitt. 

Athnmdxu \ top«‘ni(^ purpura, 150. 

Atoniii in ccndielljir lesions, 008. 

Atn-sisi nf (irardiiin follicle, 1005. 

Alrophii* rhinitis, mstrogen for, I0S2. 

.\tfopinc, action on heart, 270. 282. 
effect on acci \ Icholine .action. 718. 

S.A. block. 282. 
mode of act ion, 720. 

.Anitiidiiiid rcU(‘\cs. .“>00. 

Auditory centre, 572. 
p;»t}i, 572. 

]).<vchic ci-ntn'. 572. 05.3. 

.-pccch centre, 572. 05.3. 

Srt Hc;ning. 

AiHThach's plcMis, 714. 

Auricle, circus movi-mcnt in. 20L 
concertin.i ;iclion of, 25!). 

<‘ori<lnclion rate in, 2 17. 
extra-systoles in, 287. 
tilu'illition of, 203. 
flutter of, 202. 

general properties ot tihics of, 235. 
ill heart block. 282 f/ .>vf/. 

mitral disease, 2!)7. 
ne\s rhytlmi c(>ntn^s in, 28ti. 
noflal iliytliiii. 280. 
parti.ally refraetnrv state in. 200. 
pressure changes in. 258. 
relation to 1* 245. 

tf> jugnl.'ir pres.wure uavf*s. 250. 
response to rapid stimuiation, 200. 
ring ex)>eriment. 201. 
spread of impulse in, g4.5. 
stimulation of vagus and. 20S 
systole of, 258. 

.Viirieuiar i-omjilex, 247. 
sound. 200. 

Auricular fibrillation, 2!)3. 

int!ii\{iscular clotting in, 148. 

Auricular flutter, 202. 

Auricular (venous, Bainbridge) reflex, 273. 

in exercise, 273. 
heart failun*, 27.3, 

set up during vagal stimulation, 270. 

Auriculo-ventricular node, origin of eanlinc 
impulse in (nodal rhvthni), 
280. 

pro[»erti«\s of lihro.s of, 234. 

.structure of, 234. 

AuricMilo-v'cntrieiilar ring, rnovementH of, 
257. 

valve.s. 2iifi i:/ st r/. 
ilisrasrn of, 200. 

experimental inc(>m pete nee, 200, 

Auschwitz, (lerimin ex term illation eump, 
1050. 
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Aiisrullatory iru‘th(nl of (Iptonninin^ blocwi 
prossuiv, 

Auto intoxication, intestinal, an “ <*nt«‘ro- 
myth,” SI7. 

Autonomic nervous system, 7(i4. 

acetylcholine and (f/.r.), 7IS. 

adrenaline ami ( 7 .C.), oH), 722. 

alfcrent visceral neurones. 7.‘{r>. 

atnuiiiK* and. 720. 

hrain s|.f‘in. control ol’, 710. 

ciicmii al transmitters of. olO. r)2:{. 

classitii*atir)rj of. 707. 

cortical i-onl.r(d of. 071. 

cranial autfuiornic system {(/.r.). 712. 

LM'ueral arr'an«j:ement rrf, 701. 

hiLdier <-ontro] of, 710. 

hy j)ot halamie control of, 710. 

nicotine method of investigatirm. 

lit). 

parasynipat hetic system, 707. 
relation to s(unatic nervons vy.vjt<‘m. 
700 . 

saer’al arrtonornie system (y./*.), 712 
syrnpathetie system (y.r ), 707 
A\idiri. 10‘IS. 

Axon reflex from skin, :i2:i. 

s(‘t up hv injeeti**!! of histamim-. 

222. 

.\xnplasm, 4S2. 


Babinski^s sign, after trans-s<‘eti<m of eoril. 
002 . 

in infants. fi!> 2 . 

pyramidal traet lesiorrs, (i4l, 04.*». 
sh'cp, tiSo. 

Kail larger, line <»f, <512. 

Ilainliridce (venous, auricular) r-etlr^x. 272. 
Ha rally's test, 1 ) 0 1. 

t<*st for disr-ase of smnieircuhir eanals, 

001 . 

Basal metabolism, action of a<lrenaline on. 
2S(l. 720, 

pitiiitarv hormones on. 2S0. 
thyroxint* on, 270, 077. 
ho<ly temperature and, 2t>S. 

(h'tei'inillation of, 27r». 
external teinjieratiiro on, 270. 
slee]) on, OS A. 

I'aetors eontroilin^, 27S. 
in ealorie detieicney. 1047. 104S. 
exopht halmic goitre. 270. 
heart failure, 3S0. 
heat stroke, 470. 
hypopituitarism. 021 . 

Jeiikaunia. 280. 
myxoMlemn, 270. 
nephrosis, 114. 

Siinmomls* diseast*. 021 . 
starvation, 27S. 

|.ropi<*s. 270. 
relation to age, 27S. 


Basal metabolism, relation to hodv weight', 
27S. 

hreathing. 270, 202 . 

.*<cx. 278. 

snrfae(‘ area, 27S. 

See .M(;talioii(r rate. 

Basilar mernhrane, r)72. 

Basophil lenencylcs. 214. 

piinetation. Kio. 
lielsen camp(l04ri), |0.")0. 
lieiuJs, in (h‘eompression sickness, 420. 
Btimaliet-Both ap})aratus. 27."). 
Benzoylglyrine. S2S. 

Beiiziesti’f)!. 107s. 

Ber*ger (aljilia) wave.*,. 02;). Sec Kleetro- 
<‘iice])ha.logram. 

Beri-beri, I 021 . 1022 . B» 2 r). 
clinical h»rms. 1020. 
o*d(‘ma in. 1020, 

Bcta-hydro\yl)iityi*i!‘ acid, SOO. Srr 
Ketones. Ketosis. 

Betaine. li})oti’opie a<'tion of, SliT. 

Beta o.xidat iori of fat, S70. 

Betz ec‘lls. 012. 

Bicarbonate, as alkali reserve. 00 , 41"), 421. 
hutfering action of, 02. 420. 

('<»2 carried as. 014. 11 "). 
eont.enl of intracellular fluid, 
plasma, 0 . 

excretion in urine. 70, 00. 
in etuehrospirial fluid. 110 . 
of blood, 2S, ‘10 ,.t sty., 41 l. 
dissoeiati(m curve of, 417. 
effect of }i;enn»gh)l)in 011 . 4IS. 
in acidiemia, 101 . 
alkal;.emia, 101 . 

aspiration of gastric contents, 100 . 
<lial)»;tos mellitus, 102 . 
diarrlnea ami vomiting, 101 . 
exercise, 440. 

int«*stinal ohstruetion, I OS. 
ne])hritis, 70. 
pyloi'ic ohstruetion. 105. 
salt deprivation. 107. 
starvation. 102 . 

perineahilitN of ivll meml)ram*s to. 7. 
tetany from ingestion of. 1007. See 
farhon dio\id(>. 

Bile ('iipillaries. SIO. 
ehoiesterol of, 78*1. 
composition of. 105, 707. 
ducts, obstruction of, SOI. 
tistnla. S05. 

How a nd storage of. St 10 . See ( la 11 
i>laddcr. 

in gall>bla.(hier. 707. 

pigments. ISS. 707. Sor Bilirubin. 

salts, 707, 70S. 

action on gail-bladdm', SOI. 

Ii|)ase, S()2. 

and fat absorption. S()4. 
iron absorption, 208. 
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Bile salts, and socretion of iiancreal 
juift*. 71)1. 

vita min-A’ ahsoriilion. Id:]. 
bile fieid-fattv aeid eoinjile-x, Sb.‘{. 
eheiniritrv of, 7i)S, 
eholagoj^ue action of, 7i)S, SOO. 
circulation of, 71)S. 
liydrotropic aclion, 
inllucTK'c (»f di(*t on, 7I)S. 
role in intestine, 7!)S. 

Bile, secretion of, soo. 

bile salts and SOD, 
secretin and, 70-. Ni # Lixer. 

Bilirubin, chemistry, ISS. 
formation of, ISS. 

after totid lu/patccdomy, IHS. 
in bile, 707. 

in blood, in jaundice, lOO. 

in pernicious aiucmia. 10 b. 
renal threshold for. 

rcticido-endothelia,! (mjicropha<»e) sysle 
and. 1 S 8 . 

van den Hergh's test for. ISO. 

Biliverdin. lO.'b 707. 

Biotin, 1020, 102s. 

earbo.xylaso reactions and, 102S. 
delieieney in man, lO.'lS. 

Ibrth control, lOtib. 

Bladder (urinary), 707. s,c .Micturition. 

Bleeding time in purjiura, 1.77. 
in scurvy, H»40. 

Blood, 1040. 
ascorbic acid of. 10.40. 
amino-acid of, (/./', 

bicarbonate of (v,( .), 2S, OD W a/ 7 ., 11.7 
calcium of. AVc (’alcium. 
cells of. Bed blood corpiiseh 

AVhite blood corfiiist les. 
chloride of, 7 .C. 
cliolcsterol of ( 7 ./ .), 700. Sb.7. 
cliyiumicrons in, Sb,4. 

Blood, coagulation of, 1:10 Ibo. 
adrenaline on, 727. 
after liver injury, 1.7.4. 
blood yilatelets and, 1 0 . 7 , loO. 
eepbalin, 142. 
fibrinogctn. 140, S2;7. 
heparin, 144. 
in hieinopliilia, loO. 

haemorrhagic stat(‘s, lo7. 
obstrm.tive jaundice, 1.72. 
purpura, 157. 
uleerativ'f? eiditis, 1.7,4. 
intravascadar, 147. 
men.‘itnial blood, 1072. 
]>o.st- 0 ]M'rative. 140. 
pre^vention of, 14,4. 
by citrate, 140. 
dicoumarol, 154. 
heparin, 144, 147. 
hintdin, 145. 
oxalate, 140. 


Blood, coagulation of, prtvention by 
peptone, 14.7. 
prothrombin, 141, S2o. 
role of ealeium. 140. 
thrombin, 141. 
thr(*ml»o})lastins, 142. 
tissue (‘xiraets and, 142. 
vitamin-A' {</>»'.) and, 151. ■V(( 

(‘oagidation tinn*. 

Blood, creatine of, S0.4. 
creatinine of, 2S, 72. 
f.it of, Sb,7. 

gas an.'dysis afiparatus. IIO. 

Blood flow, regulation. .41<i. 
t(‘ actiVI* tissues, 20. 
to organs, me.isnremenl of. 2Sn. 4 d4. 

Blood, gas pressures in, :b’>7. 

Blood glucose. tduci»se in blnoil. 

Blood groups, 17b. 

A10 ) faet(»rs, 17<i. 
deterininatinn of, 177. 
inberitance of. 170. 1S,4. 

MX factors. 1S4. 
racial distribution. 17b. 

Rhesus faet(U*. 17S. 
lactic acid of. I04 d. 
lecithin of. Sb.7. 

oxygen carriage in. Sr, Oxygen. 

Blood, phosphate of. Su Phosphorus. 
RIood ])lasn)a, const it iients of, 2S. Sn- 
Blood. Plasma and individual 
constituents. 

Blood platelets, 155. 

after splt‘neet(uny, 1,7,7. 
destruction of, 15.7. 
functions of, |.7b. 
in h;emo|>hilia, 1.70. 

hyjiersplenism, |.7(i. 220. 
purpura, 150. 
origin of, 1.75. 

rel.ition to hlood clotting. 112. 

Blood, potassium of,2.s.7.4,070.«s7 f Poi Jissium. 
Blood pressure, .4) K) .41 s. 
acetyleholini* on. 71S. 
adenylic acid on, 417. 
adrenal and, ,414, 7.44. 
adrenaline on, 724. 
atlerent nerves on, .411 i f fin/.. 74S, 
after section of sino-aortie nerves, 411, 
,445. 

sympathectomy, 41b. 
trun.s-scctioii of spinal cord, 40.4. 
of medulla olilongata, 404, Ills, 
analysis i»f records, II IS. 
aortic nerve and, 411, 74S, 744. 
blood velocity and, 40.4. 

viscosity and. 404. 
eapilhiry. Sir (.■apillaries, 
carbon dioxide in blood and, 401). 
carotid sinus and, 411. 
ei^rebral aru'cmia and, .411. 
control of, 414. 
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Blood pressureycoronaryoiroulation 
fljasloiic, .*{01. 

(•Iasti<‘it v (if artf'rios and, 202, .‘102. 
^Mapliic .‘{OJ, I 110. 

lia'iiiorrhaiic on, S2. 

Iicart licat and, 1110. 
heart, ontfait and. 27-1. .'{02. 
hiL'lnT (‘(‘ntres and, OOO. <>71. 

]>istainin(' on. OOti. 
hypcrlensin (ani»intnnin) nn. *{.70. 
hypotlialanms aial. 7 Mi. 
in .ictiM* ofLrans. 2<>. 

Addisiin'.s dis(‘a.sc. 0,77. 
aortic icjrnr^ntation, 207. 
.irtcrio-venons aneinasni, 21*S. 
(■(Mchral li;(‘niorrha|i(* or tumour. ,‘{11. 
coronary occlusion. 2.‘{0. 
c.sscntial l>ypcrK'n-iiou. .'{oO. 

(‘Ncrcist'. l{Mi. ■t!{.7. 
i?ijuric.< to kidf»cy. *{.77. 
isclucmic hypcrtfMi'iion, :{1.7. 

I.atiuit nr;ciuia, 71. 
mitral n'LOjrcitation, 2!Mi, 
pha..‘och?'omocytoma, 7.‘{ I. 
raiscil intracranial prc'.>,;rc. .‘-II. 
renal disease*, 74. 7.7. 77. 04.7. ,*{.77. 
sthenic uricmia. 77. 

'■ sur;:i«-al ' ki<lney disea.se, ‘».7S, 
traumatic siiock, .'{OO. 
j>iean, 207. 

nieasununent of. .‘{<i0. 
normal lindin^s. 0<d. 
oxy^jen lack and, 0lo. 
peripheral re.sistancc and. 0O2. 
pituitrin and. 40. 
pulmonary, 007. 
pulse ])r(‘.ssiire, ,*{Ol. 
n^Milalion of, 014. 
ivnal secretion and. 0,70. 
renin and, 040. 

respiration ;ind. ,‘{02. .*{00, 010. 11 lit. 

respi?ateiiy centre .and. 010. 

sinus nerve a?id. 70S. 744. 

spinal cord, stiinnlation of, Jill* *1 ^7. 

splanchnic nerve and. 01.7. 

systolic, 001. 

ti.''sne extract.-* on, 017. 

va^o-pres.sor reH<‘\ and, OMi. 

xafiiis nervt* on. 2<>S. 

Nasomotor centre and. OOO. Sn 
Hy fiertension. llypoten.sion. 
V’a.soimitor centre. 

V(*nous. OIS. StA \'eins, pre.ssure in. 
Blood, protein of, Svr Plasma proteins, 
pyruvic a( id, lOOO. 

Blood, reaction of, so ioo. 

action on hlood vessels, 0I7, 020. 
ehe.nioreee]>tors, 74(7. 740. 
respiratory centre. 04. 
eonstiiney of, 01. 
delinition of terms, SO. 
etfeet of innmoniiiiii chloride, OS, Mt2 


ii;i7 

Blood, reaction of, effect of hic.irhon.itf* 
intrestioM. I0I. 
hr(alt.hi/lL^ 101. 
exercise, MtO. 

•gastric secretio?i. !I0, OOS. 
hyjM-rpmea, I0|. 
meals, 00. 
meat <!iet. 00, 007. 
tixyecn lack. 400. 
pancreatic secret iim, 1»0. 007. 
raised temperature. 47S. 
sleep. 1,70. 

X'c^if'tahie diet. Oils, 

mca.^nrcnu'rit of, ilo. 

pathological, 00 rt y. 

in iUMixia. 400. 
aspliN xia. loo. 
diah('tcs. |02, 021. 
diarrlio'M. ami vtunitinc. lo|, 

los. 

cmph\s(‘ma. 4t)0. 
la‘art failijn*. MlO. 
intestinal cdisu’uctinn. lOS. 
methyl alcol)nl pnisnniiiL^ lo2. 
mniphim* poi.soiiin;:. |o.'{. 
nepliritis. 77. IOO. 
pyloric ohstruction. |(t7. 
starvatioti. I0;{. 
t(‘tany. |007. 

/dl, SO. 420. 

regulation of, physico-chemical, t* I. 

< hlor‘id(* shift. IhO. 420. 
n-laTinn tn lu’cathinc. 000. 
r(71c nf liicarhnnatc. Oo »/ .snj,, 42o. 
Iia-nui^lohin. 0.‘{. 4 IS. 
plasma proteins. !l'{. 4 IS, 
regulation of, vital, 04. 

ammonium uu^ehauism and. 07. 
kidney and, t<4. 

H‘spiiutio>j and. 04. OitO. 

S>r Aei«|;emia. .Mkala'inia. H + ion 

eoMcjuit rat inn. 

Blood, sodium of. 70. Sn Sodium. 

Blood, sid]>hate nf. 2S. 
thiamine in, i0.*{(t. 
transfusion of, sti. isi. 
urea of, 71. Sv.- I'rea in hlood. 
uric acid of, 70. SOS. S,, l ri<* acid. 

Blood, velocity of How, 2()2. .S7 a Circula tion 
litni'. 

vessels, sympathetic su]>ply of, 700 vt scij. 

iScf Arterioles. Blood pres.sure. 

viscosity of, lOo. ;ioo. 

Blood, volume of, 70 S7. 

di.strilnition iti orjrans. SO. 
effect of hlood transfusion, St), 
hiemorrha^e. Si. 
histamine, 307. 
plasma, St>. 

snliuo drinking. (>2, SI. 
saline, intravenously. 50, SI. 
salt defieieney, 04, SI. 
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Blood, volume of, o|]f(t of salt 
&2. SI. 

sweat inir, 4<>S, 477. 
waliT (Irinkin;^. oo. SI. 
in adrenal insntHeiency, S7. 
anieinias. ST. 

Imh iis, 341. 

(lialx'tes, ST. 
liearli I’ailiirc. ST. 
intestinal olistnn tion. lOS. 
polyeythieinia, ST. 

])yloi ir nbstnietion. lO.T. 

HMial diseasr, Sti. 
traninatie shork. sT. 
inulerniitritioii, KMti. 
kidney and, 21. SO. 
ineasiiretnent, !1 ft .srr;. 
normal values. S<». 
rejndatinii of, SO. 
spleen and. 22(1. 

Body fluids, 4. 

tdiei ts of adrenal enrt<‘\ on. iMo. 
eortisoru' orn !i(i2. 
saline in<festion. (i2. 
salirn' injef-tion. (>(f 
water drinkiim. od. 
eoinpi»siti(»n, o. 
e\i‘lianLre>. (>, IT. 
in .Addison's disease, Po.’). 

< alorie <l<‘li( ieney. 10IT. 
volume. -1 1. 

PmkIv riehtin^' relle.ses, .TP.*}. 

Hojid eneriry, S4I. 

Bone, 1(KK>.‘ 

alkaline phosphatase and, IPOO. 1002. 
eft’eet (d adnaial eort<*x (ui, Pli2. tl(U». 

anttu-ior fjitnitary on. p;}(f P.*}!. ICl.T. 
eortisom‘ (ui, Pli2. 
paratliormoiK’ on. iOOI. 
lliyroxine on, PTtl. 
vitamin-J on, J024. 

-C on. 1042, I0i:{. 

■1) on. I(»I1. 
growth eiirve of, P12, 
in nerome^jjaly. P3.T. 
eretinism, 

('ushinj»'N syrulrome. Pdll. 
ci^ttutism, P34, 
hyperT>arathyroiflism, 10(»S. 
}iyp(rrt.hyroi<lism, tlPI. 
hvi>opitnitarism, P30, P40. 
osteomaJaeia, 1012. 
riekets, lOlO. 
seurvy, 1043. 
marrow, lOO. 

bile pi^^merit formation in, IHs. 
blood vessels, 102. 

devoloj)njent of blood plateh4.s in, OT.T. 
of red blood rell.s in, lOO rf s/(f, 
white hloofl cells, 215. 
distributiiui, HKb 


Bone marrow, elfeef of ha*matinie prim’iph' 
on. IPS. 
of inm on. 213. 

l«‘nioevt«)sis-prodneinu factor on, 
221 . 

neei-osin on. 223. 
nnelei‘ti«le on. 220. 
in airrannha-yiosis. 221, 
aplastic* amemia. IP I. 
inllaiimiation. 222. 
pernieicnis an.i’miM. IPO. 

1 ilia mine detieiem y. lO.*} 1. 
n*l.i(ion tn retienlo-endot heli.il svstem 
1ST 

stimiilati*d b\ anoxia. l‘Pl. 
study nf, 103. 

IkUnlinns toxin. .TIT. 

lirajiU-Paul mc*tliod ofamlii-iai respiration. 
3S2. 

Brain, ac tion of hypoLil\ l e-mia cm. Pl.T. 
of t hi.tmiiie on. 0(20. 
blood tlou to. .‘{O.T. 

Idood vesM-fs, oi. ecciifi’ol c»t. 300. 
me tabolism of. 4'P2. 

\«*ntric*les ct|', | |s tf S, i ('c-i-ebrnl 

cortex, c te. 

Brain stem, anatcmiy of. »>pi;. 

!c»eal lesion'' of. Toi. 
t ran.'- st'c t ion ol. .Ts3. 
tinnoni’s of. T(M. 

Ilit-acl. lO.TT. 

extrac tion rate c4’tloiir. hi.TS. 
fortiliecl. Mi.TS. Io03. 

.■'Inic'llire* 111 ubc iil i.'rain. lO.TT. 
lireast. ST, TIatiimary olaial. 

Breathing, adivnuline‘.m. PM. 
atlen-nt ini \ e.'. ami, PM. 4«».T. 
aortic* nc*r\c.*' ami. lOI. 

:ipnmist ic*, 3Sf», 3Pl. 
blood jireIIre ;incl. S3, .*}|,‘>. 404. 
capac ity, maximal, l.T.T. 
c arbon dioxide ancl. 3P1. 
eaiciticl simis ami, P»l. 

(•f‘r«*bral blood snppiv and. 404. 
<'bfyne-Stoke>. 404.* 
elimatii* eomlitions and, 403. 
drills on. T-l.T. 

elfeel on blood jiressiire, 3|o. 
he;irt rate, 2T I. 
piilmomiry IkmI eapaeity. 313. 
va.'Homotor eerilie. 303, 313. 
venous pres.siii'f, 3IP. 

Vf‘lions return. 313, 
ha-morrliage on. S3, 404. 
lii»,dier centres and, 40;T. 
li ’ ion eoiieentratioii of blood ami. P4 
3tl3. .‘iPO. 
in c*\ereisi*. 3S{». 

inhibited dnrimi d<‘.Ldnt ition, 40;T. 
in slei p, 40.T. 
mechanism of, 3P1. 
motabolic rat<* and, 3T5, 3t>3. 
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Breathing, oxy^m excess io:{. 

oxyrrcn lack aiul. 
periodi*-, I0(|. 40(i. lOS. 
r(‘^Mila1i(>Fi m1 . .‘kSl, .‘iP.'J. 
reservi*, 

ri'spiratorv eeiitres aii<l. .‘{S4. 

r(‘suseitjiti/)tE 

rhytlimic, .'UM). 

teinpeiature and. p|(i. 47s. 

vaynis and, rf .svry. 

\()lnntaF\ liyijciptnea «>n. |(M». 
venous pj'cssure and. JT.’i. -in|. pil. 

.Alveolar air. Aiioxia. lia-^al 

»nctal)o!isin. Cailnai di*»\idi-, 

I )y'<])n<i'a. IP s]aiat«uy fcnln. 
r>ris>and t \ pe, iM I. 

Uroca .s eenirc, Pod. 

Urorn liioles. ar<i<in of adicnalim-, 7i!7. 
Iiistaniine on. ddS. I01». 
pifnifrin on. 47. 
in astlinia. 4Dl». 

nei ve siijiply. Hm. 70!*. 71 I. 1 1J-. 
n-spirat<*jy. d(»d. 

Jtronisidpiithalein I'SciviiMn t‘sl Iincj- 
lunelion. Slid, 

lin»\\ n-Sc«jnard >yndroine. PPo. 

Hnninei'‘s elands. 77o. 7P'J. 7!M». 
l4iierL'<*r s <li'iease (t liroini>(»aneiiti>- mIi- 
liteian"), dPI. 77»1. 

|{uflcr ner\fs. l*7». dll. Sa Aortir rurve. 
( ai'of id sinus, 
siil»>|.anccs. IM. 

IlnIPai- out How. 7o7. 

HiilPo-iirel lii'al eland<, 1 IdlJ, 

Bundle of His, anai<Mnv tif. I’d l. 

l.lock (.f, Nm Heart Plo.-k. 

<-oiidnction in. 2d.7, i’M>, ills, 
division of Prain hes of. L’do. 
general ]>roj)erties, -d4. 
in fiPrillation. -P4. 
in fluller, *-M14. 

relation to 1*-1* intei\al. l’4S. 
sliniulation (d' vagus and. «PS. 

Hums, results of, d44. 

Hutler‘s solution. !t71. 


Caisson disease, ijp. 

t'alanius seriptorius. ()P7. 

Calciferol, Hunk 

Calcium, aPsorption «if. PP7. !Mts. 
action on ganglio?) ( j-lls. HMi4, 
iieari muscle. L*d<». 
ruTve fiPres. HmM. I(MI.7. 
clotting of blood and, 14P. 
of milk and. l(Mt|. 

exi'itaPility of nervous system and, HWM 

» t Sf if. 

excretion of. ttP'd. 

in blood, :is. 

cuiitfol uf. Set- I’atJil hyroid. 


Calcium in blood, dilfusiPk. pps. 

<lili_\ flrotaehvsterol (.M'lO) and, 
Hidti. 

li\ pF ieaIi a jijia. {>!»!♦. HHM». 
hypoea|< ;i iiiia. ppp, 1 (m)7, 
in alkakemia. |D07. 

inriiffijsiM**. pps. 

in liyperpar-atli_\ roidisu), IdOS, 
liy per \ it a mini isis- //, J oj i*. 
neplirilis, 74. 
osleomalaeia, Idllk 
paratli\ roid <ietii iem N. 1004. 

rickets'. KMO 

t<tany. loot. |on7. 
paiatli\roid Itoruioiic and. iOtt.d, 
hMr7. N'• Haral liornioni'. 
plas?ua ]irotcins and. I to. OOP. 
fcai tiiui oj Piiiori and. l 007 . 

?-elat ion to '.i runi 1’. 0!t0. 

\ itami/e/> and. lOl I. 

Calcium, Pa- paral)i\joid delii iejiey. lootl. 

fioii tioiis of. jO»Mr. 

in ecreProspinal fluid. I lit. 

foodstufl^. 0!t7. lt)oL» I0.7J. Jt)AP. 
milk. 0!»7. 
metabolism, 007. 

M>sili«-aiion i.f Pmic and. 
r<*(puienu‘nts. looo. 
siujrt c*. uf. !)07. lOoJ lo.'i4. 
teeth and. HU d. 
tctan\ and. lo<»7. 
ll»\ruiil and. 070, Hone, 
t 'aloric. detinition of. d7‘>, n. 1. 

( alorit* !<Mjuiri fia'r0s. lotd. 

\ a.lui.* of foodst 11 lls. Htd« HfoI. S>i l)icl. 
t'aiiinc hysteria. H*dO, 

Capillaries, dlo ddo. 

a«-tion t)f adrenaline on. .d:,*!. 
of <'old «»n. d-S. 

<|orsal ner\e loni.*. on. dr»0. dl'd. 
heat on. -ti, d-7. 

histamine on. doit, di*."). ;>l'P. dd7. 

II suhstam-e iMi. dL?o ly, 
liglit ou. dJS. 

metal*olit«‘s im. 'Jtr. dl.*tr. 

]>ituilrin on. 4P. dJl. 
sym])athetie on. dlMt. 
i-ontra» til(‘ foirj* nf. diil!, 
hormone etuilr-ol of. dJl. 
in cold him* skin. d2]. 
indeperulenf eontraetilil \ t)f. dlft. 
in exercise. JO. dlNt. 

h.erimrrhagie telangii'ctasis. Jot), 
|)urpirra. I.'»7. 
i-eaetive hypeiamiia. d-O. 
scnr\y, Jo4d. 
tissue activity. !!♦. djtt. 
triple lesponst'. .d:;:2. 
warm pak* skin, dlH. 
nerve supjdy of, d20. 

permeability of, <>, 17 iM. 
abnormal, 111). 
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Capillaries, permeability of, from hunis, :m i. 
fioin histainine, 301*. .‘J.'IT. 
in crush injuries. .‘Mil. 
heart failure. III. 
herpes, .SOU. 
iiiHuinination. ‘J-'J. 
injured skin (u lieal), .SlM. 
renal disease, I 1 
urth aria. IJO. 
venous ohstruction. HI. 
pressure in. 17. 

in intestiin*, IS. 
fjlomeruli, 

puisation, a fdivsioio^ical phenomenon. 
1 * 00 . 

in aortic reLrursritation, -00. 
relation to hk'cdin*; time. loO. 
to cyanosis, 4ol. 
lueinostasis, loti, 
red line, .‘1-2. 
white line, .‘llM. 
resistance of, in purpura. I *»7. 

in scurvy, 1040. 
skin colour, 3-1. 
structure <.d', 310. 

studied with skin microscope. loS, .3It». 
tone of, 320. 

CarbuniinodiaMUO^lohin (cai hhaunogloliin). 
03, 410. 

Carbohydrate, absorption of, s;oi. 
phosphorylation and, H30. 
rate of, S30. 
role of endocrirics, .S30. 
vitamins, S37. 

state of mucous m<*ml»ranc and. S3ti. 
as protfMii sjjarer, 003. 
caloric value of, 373, 
conversifin itOo fat. Shti, s7 I. 

of fat int<», S7 4. 
digestion of, S34, 
dissimilation in tissues, n30, s40. 

citric (tricarboxylic) acid «*y< lc, S.71. 

< h.M-a rbo xy 1 at ion, 830. 

glyeogtui or glucose to pyruvic 

acid, 847. 

hexokinase reaction. 844. 
hydrogen and oxygen i(» forin 
water, 832. 

pyniv'ie acid, fate of, 840. Xcr 
l*vnivie acid. 

uptak*^ of glucose to form glucusc-tl- 
phosphate, 844. 
formation from prf)teiri, 837. 
in diet, 103(5. 
food, 833. 
tissues, 830. 

metabolism of, 834 873. 
adr<*nal and, 727, 04(5. 
in diabetes mcliitus, 019. 

skeif'tal imiHcle, 420. 
inHulin and. Oil. 
islets (»f Langerbans ami, f/.r. 


Carbohydrate metabolism of, livtu- and. 83(1. 
pit Hilary and, 037. 
thiamine and. KLOl. 
thyroid and, lt70. 
respiratory (piotient of, 373. 
s<)iiriM‘s < »f. I (>32 -1 (>34. 
storage of, S.37, 830. Sn Diabetes 

nudlitus. (JIm'osc, (llycnircn. 
Insnliti. 

Carbon dioxide, and apucusis, .'{‘H. 
assimilation. 830. 
dissolved in blood. 413. 
effect of excess, on lu-cathing, 3!D. 
on blood V(‘sscls. ,310. 
capillaries, 320. 
chcinorcccptors, 743, 
(.'hcyiic-Stoki's brcadiing. 403. 
coronary artcric's. 237. 
dissoiuation of oxvh:cmoLdnl)in. 
411.413. 

heart oiitp?it. 282. 
lu‘art rate, 27 4. 
respiratinn, 304. 
vasomotor centre, 30!>, 
cnects of lack of. 304. 
fixation, 1020. 

formatifui, mcchanisiu nf. S3n. 
ill alveolar air-. 304. 
in blood, atmumt of. 11 1. 

bii arbonatc and, 01. 413. .SVr 10- 
('arbonate. 

carharnino-luciMoglobin am 1,0!i, 413 
carbonic aidiydrasc, 413. 
carriage, 414 423. 

I'hloridc shift and, 03. 
fhssociation curvt‘s of, I Hi, 421, 
ilistribution bctwiMui plasma and 
corpuscles, 413. 
pruleins and, 418. 
role of lucmoglobin, 418. 
transpiirt in i)udy, 422. 
interclianges in lungs, ,307. 122. 
in placenta, ll0f>, 
tissues. 422. 

outfuit, measunuuent uf. 372. 
sfihibility of, 3f)0. 
tenshui of, in blood. 3f)7, 414. 
in alveolar air. 3li4. 
tissues, 422. 
toxic action of, 303. 
vtdocity of diil'usion, 3(i(i, 

Carbon monoxide, allinitv for lucirntglobin, 
440. 

and dis.4ociatif>n curve of luemoglobin, 
430. 

poi.suning, 440. 
effect on sploim, 220. 

Oarbonie anhydrase, 413. 

(arboxylase, 830. 
reaction, 1020, 1028. 
biotin ami, 1028. 
thiamine and, I02<>. 
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('airinoyriiic action. 

Cardiac rcntn*. 270. 

fnilurc. »S’rr llrart 1‘ailnr*-. 
iscli.TUiia, 750, 751, 
murmurs, 2t>7, 

<rrl<‘iua, JJl. 
sphinctrr, SO(j. 
affh.'ilasia nf. 815. 

(‘ar(lio*acc<‘l(‘ratnr rrntir. 27n. 
t'ar(lio-iiihil)itf>r\’ rrfitrc. 270. 

( anliomrtor, 250. 

(’anliosjMism, 815. 

lOLS. 1014. 


f'arnegie c'\pc*rimc‘nl (iixmIctjiIc 
dcdicicjc-y ), 1045. 
('arnosiMC‘, 427. 

* C‘J 

iiioric 

(’aicdcuie, icdation 1<* vitaniin - 
1021 

('arotcuioids, 1021, 1022. 

.4, 

io20. 

Carotid body, 7:is. 715. .s.. 

n‘C‘c*]>lors. 

Carotid sinus, 736). 

(‘lic'ino 


a< tioii putcutials Inuu, 712. 
carotid o<’clusiMn on, 7111. 


coiuprcssicm of, 740. 

<lcn<M’vatiori (»f, 744. 

Iiypcrcxcitable. 74(». 
perfusion of, 74J. 

ri‘lutioii to adrenaline apna'u, 725. 
t(j adrenaline secretion. 734. 
blood pressure, 311, 740 et 
heart rate, 272, 740 ct seq, 
hypertension, 311, 345, 744. 
respiration, 404. 
sleep, 760. 

Carpo-pi'dal spasm, lt»05, 

Caseinogen, 1005. 

Castration, 1107. 

Cataerotic pulse, 262. 

Catalep.sy, 650. 

Catclcctrotojius at end plates, 508. 
in nerve, 488. 

Cations, atdive. transfer. 8 l». 
exchange in stru'ed blood, 7 0, 

Caudate nucleus, 65(). 

and .su]>pres.sor cin uits, 621, 670. 
lesidus of. 622. 

Cells, composition, maintenance of, 2. 
membrane, |MTmcability of, 7. 

Cement snbstanee in capillurics, 1043. 

Central exc itation. 528, 532 e/ >snf, 
inhibition, 528, 542 rf svq. 

(!ep)uilin, 861. 

and blood coagulation, 142. 

Cerebellum, 602 612. 

(‘linieal di.sordcus of. (i08. 
connections of, 606. 
fnnertions of, 606. 
irritative lesions of, 612. 
lesions of, adiudoehokinc'sia, 611. 
asthenia, 610. 
asynei'gia, 61U. 


Cerebellum, lesions of, ataw, tilo. 
atonia, 608. 
attitneie. t»00. 

llarany’s pointing ic'.st. 60tl, 

compensation after, til I. 

decom})osition of movemcod, 610. 

(lec*p refltr.xes, 6H). 

dysmetria. (ill. 

liiigcM-imse t(‘st, til 1, 

gait, 611. 

knee-jerk. 6)0. 

ny.stagmus. 600. 

sjMOeli, (iJ I. 

spontaneous deviatioFi, 600. 

.static* tremor. 600, 
unilatc'ral, 608-612. 
relation tc> ehorc'a and atludo.'^'s, 661, 
to pcjsture. 607, 608. 
stimulation of, 607. 
structure of, tiU;), 
tumour.s c»f, 612. 
t*c‘iebral anaunia, 731, 743. 

Cerebral blood flow (circulation), 305 307. 
adn^naline secretion and, 731. 
oontrol of, 3t)6. 
determination cjf, 305. 

based on arterial-venous oxygen 
dilferenee. 306. 
nitrous oxide method, 306. 
direct studv of, 306. 
hyperventilation on, 408. 
in exercise, 434. 
sleep, 685. 

Oj excess on, 306, 403. 

Cerebral cortex, action potentials in, 568, 
615, 616, 624. 

‘‘resting’', 617. See Electro- 
en cepnalogram. 
agnc.»sia, 655, 652. 
agranular cortex, 614. 
allocortex, 613. 
apraxia. 652. 
areas of, 612. 
area 4, 620. 

6, 620. 

8. 631. 

17 and 18, 637. 
auditory centre. 572. 
auditory j)sychie centre, 572. 
cell lay ITS, of, 612. 
centre for smell, 582. 
taste, 581. 

cerebrobulbar fibres, 632. 
connections of, irn'tlKuls of studv. 
615. 

electrical methods. 615. 
]>hysiologieal Tieuronograj>hy, 616. 
Wallerian degeneration and cdiio- 
rnatolysis. 615. 
coiiiieo-nuelear (ibi*c*s, 631. 
eortieo-pontine fibit^s, 631. 
crortico-retic’ular 6br(‘S, 623, 63(k 
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Cerebral cortex, oort ioi*-th;iIainir lihros. <>1S. 

mi. 

cytoiirvbitoctoMics, <> 12. 

(ii\soeiidiii<; tracts, (i2y •:/ <sa/. 
Kcoiioiiio's (iirt'crciitiatcd areas. f>|-4. 
clcotroonccplialo^raiii (f/.r.). <»!(». 
cxcitiniiotor rcpiuis id. (>20. <>.*{(• «/ 
scq. 

iviiio\ ill fd'. 
stimulation <‘l'. 

cpilcptitdrm n'sjioiisc. ti.'iT. 

in ii|:»cs, 
m;in. 

t*vt‘ nuoi'incnt eiMitic. (illl. 

I'iicilitiition ol' imoiMUcnt, ti.'io. 

Hl>n* ot. tilH. 

tVontiil. cxeitiilile i■^■l!ion> <•!. 
ti:{7. 

tivn ts tVniii b.‘iS. 

I Vpc, <iI4. 

jrcncral body sensat i<»n. dtis. 

^n'iinniiir rorirv, .7«iS. til.7. 

}iippociim|»;il ivirion, oS2. 
hypntlialinmis and. 
in! riicnrtical c«mncctions, (>20. Ii(»9. 
isorortex, til.'l. 

.l.n ksonian lit, mi. 
nirlliods of study, (i1.7. 
motor arcii, dllll. 
occipitiil l<ilic, o7.7. o7d, ti.*{7. 
jiai'icud loin'. .7<i8, rd.7. 

t\pc, tilt, 
p<dar type, til I. 
priM-entr;i! motiu' cortex. ti2!l. 
prefnaital Io1m-s (//.c.). titis. 
pyiiimidiil tnirds, (/,r. 
nnf'rsal of niovctncnt, ti‘>-7. 
somatic sensory, .7liK. 

iiclion ptilcnt iids in. .7tis. 
connectiofis. of,^7tiS. 
lesions of, .7<i!t. 
stiniulfition of, .7<iU. 

>lnict ufi- of, .7<is, rd .7. 
speccll ■■ eent res. ' '(.r. 
struct nre of. lil 2. 

.strychnim- on, liUi. 
sufipressor bands, ♦i2<f 
tern pond IoIk' 7)74. tio.‘>. 
tyf)es of, <il4. 
vuHUiil centre. ">70, tioJJ. 
lesions of, ,780. 
strnctun* of, 014. 
voluntary imuements, y.e. 

Cerebral haemorrhage, rfdsed intriieranial 

pressure from, Ijl 1. 
tumour, electrical localizatiiui 628. 
results of, 125. 
iSee Brain. 

Cerebrosides, 829, 862. 

Cerebrospinal fluid. 3, 118. 

absorption of, 123. 


Cerebrospinal fluid, amitoniv of, lls. 
cells ot, 119, 1,39. 
colloidal benzoin nraetion, 131. 

g<dd reaction, 132. 
conip(>.sition of, 119. 
formation of, 129. 
fiiiH’tions of, 124. 
hydroc(*{)fialus and, 121, 125. 
in cerebral tumour, 125. 

<liiibctcs, 131. 

Lfencriil j)ar.il\sis, 132. 
mcniriiio-Viiscnlai- syjthilis, 1.32. 
M'plie rneniuLdtis, 1.31. 
labcs. 132. 

1 iilM‘renl.i.r mcnin.Lritis. 131. 
intiiivenoMs s.dim* on. 12<i. 
Icncocylosis in, 131. 
lipiedol, 139. 

f»cul;ifi(»n s\ndromc. I2!b 
lumb.ir puin'lnie. 139. 
lymphnrytosis in. 139, 

\7»nnt‘-A pi'll i cai tiini. 139. 
pjit bolney uf. 1.3(1. 
prcs.^nre of. 121. 124. 
pmtein of. I l!b 139. 

Qiicclvcn>lcdt s sitni. 12J. 
relation tu ni'i vc centres. 12.7. 
vcntriciiloiriiipliy, 129. 
volume of. 129. 

\ant lioelironiia. 1.39. 

<’er\iciil svinpatbctic, 79S. 

relation to florricr's syndrome, 79S. 
(‘ctsl Miipliiitc, inhibits lipase. 893. 

(‘evit.'Unic ai-iii, 1938, 

<'ll a rent joint in tabes, 561. 

('Iiemie.'il transmission. .S7< 'I'ransmission. 
Chemoreceptors, 73s, 74.7. 746. 
action in lia niorrba^e. 74t>. 
i»f aeclylelioline nil, 719, 74.7. 
e\anide nn. 74.7. 

11+ ion eoni'entnit inn nii, 745. 
nient iiie nn, 74.7. 
tty l.’iek on, 7 45. 
on blnod pri's.siire, 74.7, 716. 

Ineali/.afion of, 745. 

Chest leads in eleetrni-ardio^^rajihy, 243. 
24 4. 

(‘lies ne-Stolves( periodi(')bri!athin^, 496,464. 
(diiea^o l)lue, 145. 

Chloride, absorption by renal tubules, 28, 
33. 

eoncentration by kidney, 28. 
in blooil, 28, 73. 

eerebro.spinal liuid, 119, I.3I. 
intracellular fluid, 5. 
plasma. 6. 

and renal function, 73. 
in asthenic urscraia, 74. 
urine, 28, 63, 64, 65. 
lack, results of, 65, 106. 
permeability of cell mombrane.s to, 7. 
shift, 420. 
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('hlornloj'iii l«»r, 

sl»7. 

(7!)S. SOU, 

('hf»lci»iliriilMH, I S'*. 

('lutlc<‘\ <»f'ra. s«IJ. 

(\ ‘^Idkiniii. S^L*. 

< 'ln»lt*.‘<irri<lrs. sr»2. 

Cholesterol, <listrilullini» «»i. 7’.*S. 

flVr'cts (>r inifot i'Oi. 

I’uiH'linns (»!', 7m*. 
in iidrcinil rnii« '.*1 1. 

I.I.mm). 1 14, 7m*. 

(lisra>»‘. J14. 

|)t<*;:ni*in‘_\. 7'.*!*. 

<1»Iu't7!*S. 
st riicl ntn. 7‘.)s. 
syntlirsi.- <il‘, 71*!i. 

1 ‘huin- arid. 7!*S. 

Choline, s<i>s. 

<'n‘atin»‘ .'<yntand. ss:;, 

• 711*. 

Inrmatinii, S<i7. NS‘i. 
lipntmpn- artinii nl', S*is. 
jirrinsjs ot' Uid*a*y and, Mis. 
n'sult>> nl'drlirirnry, S*tS. 

1 ransport. s*>S. 

N« Acrtvlcliulinr. 

('linlin«*r;j:ir jxTvr.'-. .7(iS. 71‘.>, 7l-’l, i*.‘{l. 

( linndrnil in. I4'», 

(4inndn)sainiiic, Soil. 

Clnnvla. tynipani. tast<* in. .“>81. 

VH.sndilatnr and ,srri‘t‘tnr\ artinn nf. 
714, 774. 

Chorea, <*<;*>. 

< ‘iiorinii-rpit iicliniiia. L’nnad<4 inphin in 

iirinr, loss. 

Chorionic gonadotrophin, ins4. 

artioiis of, lOS!*. 
clinii al u-sos, lOSd. 
in urint*. lOSS. 

])n*tr*ianrv dia.LMiosi.s l>ast*d 

on, lOSO. 

Sn’ (ionaflotropliin. 

<'hoi'oid picMis, I )!*. 

artion of Ijyportimic >alinc on. 127. 
hypertrophy of. I2.'». 

Chroniaphil ti.N.six'. !H.4, t*lo. 

(‘hrnma1ol\>is. 4S2, 101. 

Chronaxie, 4!*;i. 

Chronic nephritis, 7d. .m* .Vt phriti.-, 

('hvoslek's siirn, lOfKi. 

('hyloinic rolls in blood, Stl.4. 

(diyniotrvpsin, 700. 

(’iliary ^anjjlion. 708. 

nniscle, iitM ve snj)j)ly, 7ir>. 

Ciiurhoplien for gout, 890. 

Circulation rate, 274, JSet Heart, output ol. 
Circulation time in man, 202. 

dechoUn method, 203. 

(»ffect of metabolic rate, 203. 
of |xiripheral circulation, 204. 


Circulation time in man, etiu r met hod. 2<;;i. 
in lieart- di.s<‘ase, 20,4. 2!>."). 

thyroid fli.sease. 20.4. 
ma^mesinm sulphate methofl. 20.4. 
'.odiiiin ryanid»‘ rnr tluwl, 2<i.4. 
Circus movement, *292. 

Cirrhosis uf liver. StiO. 

Cistrrna*. ei-rebral, IJS, 

(’itrate. alkaline uriiu* atO'i- imjestion <»f, 
9S. 

elleet on cDaLrnlatiini of lilooij. 1 to. 

('it rie iu id. S74. 

eyrie. SoO. 8.71. 8.72. 
t it ndline. S78, SS7. 

Clarke's roiinnn of rells. .7.70. 

Clearance, notion of. .44. 

diodrast. measures renal bloi»d How. .4(). 
inulin. measures glomerular tiltratiou. 4.7. 
urea, ,41. 

Clim.ielerie. lOtiS. 

<'lolling. Sf'r. <.'oagulation. 

Coagulation of Mood, 149 lOO. Sa' Pdood 
coagulation. Thrombin, etc. 
time of blood, normal. 144. 

ai eelerated, measurement, of, 144, 
elfeet of dieonmarol, 104. 
of lu'parin, 144, 147. 
in luemophilia, 1.7t.*. 
purpura, 1*77. 

\ilamiM-A’ defieieuey, 1,71. 
t 7)-earbnxy]ase, 8.7tk |t)2t). 

Cotl-liver oil. 10o7. 

Coollicient of utilization of o.xygen, 414. 
Coen/vine (Co), 849. 

,V. S74, 1(128. 

I (Co-I), 849 841. 848, S49, 802. 8.74, 

885, 1()2(>. 

II (Co-II). 849-841, 848, 849, 852, 854, 

1027. 

Cofaetor. 840. 

Coitus, ejaculation. 1105. 
in spinal man, 1104. 
iiervi ententes, 1104. 
orgasm, 1105. 

]ihysiologieal ebanges in, 1104. 
sympathetic nerves and. 1105. 
uti'rine ebanges during, 1105. 

Cold, action oji adrenal, 480. 741, 744. 
bli>od ve.sseis. 428. 
metabolism. 2S2. 
output of heart. 281. 

IliM'oid, 474, -ISO. 
agglutinin, 177. 
exhaustion. 48t». 

nerve endings (end bulbs of Kratjse). 54S. 
j)ressor test, 428. 
refrigeration, 480. 
relation to cyanosis, 452. 

to Raynaud’s disease, 358. 
response to, 328, 481. 

after complete sympathectomy, 715. 
.spots, 552. 
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of lung. ano.\ia in, 44S. 
cyanosis in, 4r>4. 
tlyspno'ii in 457. 
of })iilse, 2VKS. 

Collicnlo-mu-lcai* tihrcs. r>7S. 

(’olloidal luMizoiii reaction, JIU. 

('«)loiir index, 1<>7. 

Colfistruin. lOlU, 

(’omnion inetalmlie ]>ool, So.H, 
('oinpensatorv pause, liSS. 

(’oniplcnientarv air. .‘{(Jl'. 

Compound K, Uoif 
r, lCi4, ‘Min. 
lipidos Stil. 

S, ‘Jotl. 

(’ompressed air sickness. 4L*<i. 

Conditioned reflexes. t>75 r>s7. 
a]>petitc juice and, <J7S, 777 
asthma and. <J7.S. 
conditioned iidnhition, (i7S, tiNf 
differentiai inhihiliiui. ti7!k 
cvtciiial inliibit.kin. (i7S. 
extinction. ti7tt. 
internal inhiliition. ti7!k 
negative, t>7vS. 
jiositivt*, 077. 
production of, 070. 
reinforcement, 077. 
relation to sleep, 085. 
secondary, 078. 
spread of, 083. 
study of analysers by, 081. 
Conditioned stimulus, 670. 

Conduction in heart muscle, 235 »i vry. 

in nerve, 483 d itttj. 

Cones. 1022. 

Congenital heart disease, 333. 
anoxia in, 44s. 
cyanosis in, 452. 

Fallot's tetrahigy, 453. 
patent ductus arteri<».sus, 333. 
}>olyeyt]i;emia in, 153. 
jailrnonarv stenosis. 453. 

(amjngate deviation of ex es, 037. 
Conjugation in kidney, 23. 

in liver, S2S. 

(Jonnf;etor nenrone, 7t)4. 

Consensual light rellex, 57*4. 

Constipation, sio. 

residts of, SI 7. 

Coristrietive pericarditis, 300. 
(Vmvergenee-aeeommorlalioM rcaidiori. 570. 
Convoluted tubules. Su- Kidney. 

Coomlis test for luemolysins. 172. 

Copper, distribution <if, 213. 

relation to bhtod formation. 104, 213. 
Coprosterol. 790. 

Coronary circulation, 237. 
ellV-ct of adnmaline, 237. 
id'anoxia, 237. 

ldi4od composition, 237. 
bkaxl pressure, 237. 


Coronary circulation, effect of Co., cxeess 
237. 

cardiac output. 237. 
sympathetic, 237. 
vagus. 237. 

in aortic regin’gitation, 2!)0. 
e\er(*isc, 23S. 

pliase.s of cardiac cycle, 2.37. 
insnOicienev. 750. 751. 
occlusion of. 23S. 254. 

}>ain of. 75o. 752. 

(‘orjMis eallosutu, relation to apraxia, 053. 
Corpus Inemonhatricnni. 1007. 

Corpus luteum, action on ovidation, lOSl. 
on nterine imisi-lc. lOSO. JoOl 
formation. lOOO. 
functions of. 1079. 
fi'.strogiuis in, lo77. 

])rogcsicroMc. n.r. 

relation of pituitary to, |0S3 fV .sttj. 
to embedding of ovum. It)S0. 

growtli of luarninarv glaml. losi 
lt>‘)2. 

menstruation, lo73, Ut80. 
plae(‘nta formation, lOSO, 

“ ivlaxin ” in. lOSl. 
role in pregnancy, 1089. 

Corpus striatum, t)50 ool. 
anatomy of. 050. 
chorco-athetosis and, 001. 
clinical disorders, 000. 
disease of, 057, 600. 

disturbance of movement, 658. 
emotional expression, 059. 
mo\enionts of cooperation, 059 
poverty of movement, 659. 
reflexi s, 659. 
rigidity, 657. 
tremor, 05S. 

exj»erimental lesions. 059. 

(.’ortieoids, adrenal. r Adrenal corticoids 
(V»rtieo-mctabtdic syndrome, 905. 
Cortico-nuelear libres, 631. 638. 

('orticosU-rone, 9.59, 

(Vutilartin, 958, 

Cortisone, actions of, 961. 

ailrenal cortex atrophy, 9(>3. 
glyeosuria., ‘Mil. 
hy perglyeiemiu, 961. 
in .'Vddison's ili.sease, 961, 
gout, 899. 
shoerk, 344. 

•Siminonds' disease, 961. 
on blood, 962. 
bfaly liiiifls, 962. 
bones, 962. 

iX’iitral nervous sy.stem, 9(>2. 
kidney, 961. 
muH{4(r, 962. 
therajxMitii* effects, 963. 
toxic ejfects, 962. 
wound healing, 964, n. I. 
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Cortisone, “ dicMu* " nt‘, 
formula of, 

natural adnuial (‘ortir(»jd y, IHiO. 

(‘o/ymasc S40. 

Cranial autonomic system, 7o7, 7l:i. 
nm*lci, (}!)7 rt srt/. 
fUJtllow, 707. 

Creatine, ohomistrv «)f, soj. 
di^;trilmtiou, S0.‘l. 
format ion of, SS2, Sift, 
ill blood, SO.'t. 

urim\ 2S, hO.'i, ttSO, OOJ. 
plutsphatf I pliospliaoon), 4J7, 120. St2. 

S4o. so:i. 

Creatinine, clHuiiistry of, so2. 

(•loararuT, 07. 

roiicoiilralioii In- kiduovs. 2S. 

in tubular ttiiid. 00. 
formation, .S04. 
in blood, 2S, 72. 
uriiif, 72, 

('roniastoric n-flox. <14o. 

Cretinism, oso. 

t'rista, "lOO. 

(’ross-<'irculiif.ion te( hni<pj('. 70o. 741. 

(’ro.x.sod iina'.sthcsia, 704. 
c.xttmsor rotlox, 507, nOtt. 
paralysi.s, 704. 

Crus ccrubri, COO. 

Crush syndrome, 04,0. 

Cryptorchidism, 1100. 

CuniuJu.s, 10G6. 

Ciincu.s, ,577. 

Cupula tcriiiinali.s, 596. 

Curare, action on end plate potential, 512. 
muscle, 512. 516. 
synaptic ])ot«‘utial, 524. 
antagonized bv adrenaliiu', 517. 

KCl, 517.' 
prosti^miiu*. 517. 
in myotonia fonpmita, 520. 
relation ti» myasthenia j^ravis, 5lx. 

Current of action. Nm Ai tion potential. 

Current of injury, 4S4. 

Cushing's syndrome, tMio. otiti. 967. 

CutantMui.s hypr]-al^<‘.sia, 747. 74H. Sn Skin. 

Cyanide, action on cbemon'ceptors, 745. 
for (un nial inn time determinal io?i, 260. 

Cyanosis, 451 455. 
at high altitudes, 4(M). 
causes of, 452. 
delinitioii of. 451. 
fin tors modifying, 451. 
in congenital heart di.sease, 452. 
emphysema. 454, 459. 
heart failure. 450. 
lung diseases. 454. 
metluemoglohiiueinia, 4,54. 
piKMitnonia, 447, 454. 
pneumothorax, 454. 
sidph-luemoglobimemia, 454. 
tracheal ami bronchia I stenosis, 454. 


(.lyelopenteno-plieminthreno, 1074. 
(*Velo[wrhydro-phe?ianthn‘ije.. 1071. 

(Vstathionine, SS2. SS.O. 

Cystini* arwl cysteine, s77, SH2. 

Cytochrome, Sol. 

<*xidase, S.-jI. 

(‘yt«».sim-, S7)s. S96. 

Dachau. Srr starvation. 

Dark-adaptation. 1022, 1024. 

tests for. IO2.0. 

DCA. 959. 

Dead space. OtJI. 

Deafness, eoriic.-d. 57-1. 

in l»rain sOmij lesions, 574. 

Deamination of amino-acids, S.OS, SS5. 
Deearbowlatifm, 850. lo2t>. 

Decerebrate rigidity, 580. j 124. 
attitudinal reth'xes. 590. 
in man. 591. 

Iabyrinthiii(‘ reflexes. 591. 
lengthtming and sliorieiiing reaction. 
586. 

lev«?l.s of tran.s-seetion, 580, 585. 
neck retiexes, 591. 
rcdlex arc, 584. 

segmental static reactions, 5J10. 
stimulation of cerebellum, 607. 
stretch reflexes, 588. 

Decholin, for circulation time determina¬ 
tion, 263. 

Decomposition of movement in cerebellar 
disease, 610. 

Decompression sieknes.s, 425. 

Decorticate preparation. 592. 

Deep reflexes. Sev Knee-jerk. 

sensibility, 556 rt .srq. 

Defaecation, si4. 

Deglutition, SU5. 

t'cntre. 805. 

Dehydration, 66. 

and sweating. 468, 477. 
Dehydnaindrosterone. 1110. 

7- I)e!ivdroelu»lt‘sterol. ItflO. 

11 Dehvdro 17 - hvdro.xyeortieo.sterone 
(('om]>ound K) - (Vutisone {//.c.). 
9.59. 

11 I>etiy«lroeorti< osterone, 959. 
Dehvdn>genase, 84tk 848, 849. 1027. 1028. 
Delayed heat in skeletal muscle. 431. 
in nerve, 491. 

Ihuiervated h(\'irt, 276, 722. 729. 

iiiusde, action of aeetyleholim^ on, 506, 
516, 721. 

I )tH> xy ri IK )se, 8,09. 

Depressor nerve. »Stc Aortic m rve. 

Dertnatomes. ,558. 

De.s( IX y e()rtieoids. 958. 

I )esoxycortisone (eompouml S). 959. 

II - Desoxy - 17 - by<lroxycorticosterone 

((.'ompouiid S), 959 
“ Desert(Kangaroo) rat, 1090. 
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l)i’sDxvrort.icosttMoiu* (ilfoxyiorUui**) 

arelate (DOCA. DCA), 
l»f)0, <>61. 

T)oviatit>n of rosponst', (illo. 
right axis, 255. 

Doxtran for transfusion. 18(». 

Diabetes insipidus, 49. 
experimental, 49. 
role of anterior pituitary. 

antidiuretie bormoin\ ol. 
hypothalamus, 49. 
thyroid, ol. 

water intoxication in, TiS. 

Diabetes mellitus, 9n9. 917. 
a(4da‘iuia in. 192. 924. 
alveolar air in. 45(1. !»2r). 
hlood eholestend in, 799. 
fat. 924. 

glucose. 920 (:/ .s(t/. 
earhohydrate metaholism in. 919. 
eau.ses of, 917, 
clinical, 910. 
coma in, 92"). 
dys])no*a in, loO. 

('tfect of adrenalectomy, 998. 
of diet. 92r». 

Jiypophysectoiny, 938. 
exf)erimental, 917. 
fat nictaholi.sm, 923. 
fatty liver. SOS. 
insulin resistant cases, 927. 
insulin treatment of, 025. 

Islets of Langerhans in. 9I S. 
kedofu*. utilization, 924. 
ketosis in, H75, 923, 024. 
liver ami, 920 r/ Siq. 
neoghicogcnosis, 920. 

I)rotein meta holism in, 924, 925. 
respiratory ijiiotif-nt in. 920. 
glucose tolerance curve, 921. 
urine in, 102, 920. 

Diabetogenic action, of AtTM, 905, 
of adrenal cortex extracts, 945. 
growth hormone, 935. 
factor, action on liviT. 859. 
insulin antagonism, 913. 

Diapt^desis, 222. 

Diaphragm, eontr'f>l of, 392. 
paralysis. 457. 

DiH.stasis, j)hase of, 25S. 

Diastolic hlood pressure. /See Hlood 
pressure. 

Dicrotic not<?h, 262. 
wave, 262. 

Dicoumarol, 154. 

Diencephalon. St>J^ Hyputhalaiuus, 

Dienocstrol, 1078. 

Diet, 1043-1064. 
action on bile, 798. 
gall-bladder, 801. 
gastric secretion, 778, 780 
j»aiicreatiie secretion, 793. 


Diet, hlood formation ami, 194. 219. 
hone formation and, 1010, 10J2 c/ ,Htq. 
bread, 1057. 

Hritisli rati'aniig system. 1065. 
calcium of, 997, J()56. Sve (.'aleium. 
ealorie defieieiiev, n\sults r)f. 1045. *SVr 
rnderniitrition. 
ealorie requirements of, 1045. 
in children, 1044. 
oflieial standanls, 1044. 
earhohydrate of, 1050. 

I'holesterol of, 79S. 
roinptisitioTi of normal, lo5i. 

of chief foodstuffs. 1052 1054. 
cop|M*r of, 213. 

effect on composition of milk. 1090. 
cHeti on iirim*. 891. 
eiuu-gy napiirements. 1043. 
essrnlial atnino-acid'^, SSl. 1051. 
i‘ssentials of, 1043. 
extrinsi<- fai t or in. 2iM>. 
fat of. S02. 10.5.5, 
ill lactation, 1059. 

pregnancy. 1059. 
io<line of, 972. 987. 105t). 
iron of. 204. 1059 
liver comj)osition and, 827. 
minerals of, 1050. 

])hospha.U‘ of, lOOl. 1056. 

])lasmu ])rotcins and. 13<». 
protein of, 1051. 
purine of, 8i)0. 
salt of. 1050, 

sex fumdion ami. lOHO, 1087. 
starvation (»/.<•.), 900. 
sulfihnr of. SVv Sulphate, 
teeth and, 10l3. 
umlernutrilioii (r/.r.), 1045 
vitamins, 151, 1008, 1021. H>3S, 1052- 
1054, 1080. 

Diethyl'Stillnestrol. 1078. 
hitfusion, 13. 
of gas, 300. 

• >f water ami crystalloids, 13, 

I )igly<-eriiles. 801. 

Ihhydro-iestrone restradiol. </./'. 
Dihyilrotaehysterol (.A'J'IO), lOOO. 
Dihydroxy-stilhene, 1078. 

Ih-iodotyrosim^ 972, 974. 

Dilator lihrrs. Svr. Vasodilatatinii. 

Dilator piifulla*. nerve supply of. 708. 
Dimethyl-aniino-azo-benziuie, 781. 

Diodrast el(‘aranee, 30. 
excretory T,n, 40. 

Diphasic variation. Nrc Action pottMitial. 
Dipho.sphoglycerie acid. 843. 
Diphos]>hopvridirie iimdeotide (DPN), 840, 
1026. 

Diphosphothiaminc, 1025, 1026. 
Disaccharides, 835. 

Discus proligerus, 1060. 

Dissimilation. 839. 
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Dissociation curve, lor rarbon dioxide, 416, 
421. 

for oxygen of blood, 411. 

Diuresis, from injef'tion of .salino, 59. 
from jirotciii. 70. 
urea, 54, 69. 

ill diabetes iriHijiidus, 49. 

<liabetes rnellitus, 55. 

|><itussiiim ehloride. 62. 
tubule. 69. 

\vat<*r, 55. Srr I line volume. K.i<lm‘v. 
IXKW (IX'.A). 959, 960. 

Donors, univtu.'^ai, 178. 

Dorsal <-oluinns, tracts in, .m9. 
nerve roots, 55s. 

acctyli holiiie released by, 721. 
a< tioii on (lenervated skeletal nniselt‘. 
721, 

antidromic stimulation, 721. 
br.iiichin^f of a.\ons. relation to re* 
I’ern'd pain and ttmderness, 758. 
central conneitions, 558. 
dt'rmatonu's. 558. 
libre varieties in, 558. 
histamine release^! liy, 599, 722. 
law <»f I{ell-.Ma^(‘n<li(‘, 558, n. 2. 
relation to herpes '/a)Ster, 309. 
to t a lies. 561. 

results of section or injury of, 560. 
Sheninjilon piienomenon, 721. 
vasodilator lilires in, 721. 

\is<‘eral aflereiits in, 754 <7 -ve//. 

Douglas ba^. usi' of, 572. 

Draught,” ht94. 

Drinkers mot bod (»f artiliiial r(‘spiratioij, 
582. 

Duets of Ilellini. 25. 

Ductus arterio.sus, chan^o*s at birth. 552. 
patent. 555. 

(vas) defenuis, 1102, 1108. 

Duodenal bulb or cap, 807. 

Dnodi'iium. seereti«>n of, 797. Sr,- Small 
inti’st im-. 
st'Msibility of. 762. 
nh‘er of. 7S7. 

Dura mater, 1 IS. 

J)y<i met boils for di'terinininK blood 
volume, 9. 

Dynamii- e(|uilibriiiiii, S79. 

Dysarthria, causes of, 656. 

Dvsebezia, 816. 

Dyslysiii, 798. 

Dysmetria in eorcbellar disease, 611, 
Dyspituitarisin, 940. 

Dyspnoea, 455-465. 
breathing reserve, 455. 
cardiac, 469. 

Cheyne-Stokes, 464. 
definition of, 455. 

from aminoniuni chloride, 397, 456. 
disturbed acid-baseequilibriurn,99,456. | 


Dyspnoea, from disturbeil pulmonary 
eireulation, 458. 
increaseil metabolism, 4.56. 
mcehanieal and nervous bindranct^ 
to breatbing. 45ti. 
oxygen lack, 598, 490, 4.56. 
pulmonarj’ embolism, 458. 
in asthma, 457. 

bronchial obstruction, 457, 
dialietos, 456. 
emphysema. 459. 
exercise, 458. 
exophthalmic goitre. 456. 
nejihritis. 456. 

obstriK'ted air-passag(‘S, 457, 458. 
paralysis of resjiiratorv muscles. 457. 
pneumothorax, 579. 4.54. 
pulmonary consolidation or eollapsi*. 
457. 

iirainia. 77. 465. 
ineidianical eflicicncy and. 455. 
lUMirogenie, 469. 
orthojmo'a. 461. 
paroxysmal, 16.5, 
point. 455. 

predisposing factors. 455. 
vital capacity ami. 565. 455. 

Dvspnodc index. 455. 

Dystocia, 48, 1991. 

Dystrophia ailiposo-genitalis, 940. 

Kar, 575. 

Im U .s tist iila, 826. 

Ketopic beats, Ser. Kxtra-sy.stole. 
KjaiMilation. lHt5. 

Kl.isticit v of arteries. ilet4>rmination of, 262. 
Electrocardiogram, 259 -256. 
action potential of single eardiae fibre, 
240. 

chest leails. 250. 
ertei t of serum Jv+ on, 97<». 
electrical axis of heart and, 255. 
in nuriiMilar extra-systole. 287. 
auricular librillation, 295. 
branch bundle block, 285. 
calorie deheieney, 1047. 
carotid sinus conipression. 749. 
coronary tlirombosis, 254. 
heart bloek, main bundle, 283. 

sino-anricular, 282. 
hyjHTtrophy of ventriele, 255. 
myocardial lesions, 251. 
nodal rhythm, 286. 

.seurvy, i941. 

ventricular extra-systole, 279, 288, 
ventricular fibrillation, 294. 
ventricular wall damage, 253. 
ischtemic patterns, 254. 
injury potential, 252. 
leads, bipolar, 243. 
chest, 243, 244. 
direct, 240. 
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Electrocardiogram, leads, iixiiivt t. 2I<). 
limb, 242. 24:^. 
iini])()1iir. 242. 
l<*ft axis 2r)r». 

Mornial, 247. 
origin of waves, 240. 

V H interval, 24S, 2S2. 

P w a ve, 240, 247. 

QltST waives, 21S. 
relation t<» heart soumls. 2r»o. 

to radial and jugular tracings, 2t>r». 
right axis deviation, 2“>.“i 
ST iloviation. 252. 

T wave, 251. 

I’ wave, 251. 

used to stuily sywead af cardiac ini|iulse, 
245. Nf'C Heart. 
Klectroeorticograni, (5.1 S. 
Electroencephalogram, (51(5 (520. 
abnormal rh\ ihnis, (527. 
analyser (524. 

Herger (alpha) waves, (51(5. 
caudate nucleus and, (521. 
clinical, ti24. 
cfl'ect of age, (525. 

eonvul.sant drugs, (>27. 
hiekor, 02(5. 

mental activity, 617, 025. 
midbrain trans-section, 518. 
overventilation, 626, 027. 
sleep, 625. 

.•suppressor bands, 62(‘h 
visual activity, 6 1 7, (525. 
experimental studies, 618. 
genesis of, 617. 
human, 624. 
in cerebral tumour, (i2vS. 
epilepsy, 627. 
petit iiial, 628. 
photic stimulation, 627. 
role of thalaTnu.s, 618, 621. 
spike and wave (dart and dome), 627. 
types of waves. 017. 025. 

Electrical axis of heart, 255, 

Elcetrotonus, of niu ve, 488. 

Element constant, 800. 

variable, 800. 

Elkinton's solution, 971. 

Embolism, in decompres.sion sickn{*s.s, 425. 
Emotions, 601. 
adrenaline secretion in, 792. 
bodily changes in, 601, 005, 000. 
central pathway.s r)f, 005. 
effect on stomach, 780. 
exteriorization of, 0()9. 
production of atteetivt^ states, 000. 
role of autonomic nervous system, 062. 
cerebral cortex, 642, 6(59, 671. 
hyyiothalarnus, 665. 
subcortical nuclei, (i64. 
thalamus, 664. 

.secretion of antidiuretic hormone, 51. 


Emotions, urine (low, .5.9. 

Emphysema, 459. 
aeidamiia in, 199, 45<(. 
anoxia in, 454, 4(50. 
cyanosis, 454. 
dyspmea, 459. 
intrapleural pressure, 1.5!1. 
pulmonary eircnlalion in. 997. 
structural changes in. 45!(. 
EmnisiOration. 8(59. 

Knei'phalitis Ietliiirgi<‘a. (5(59, 

Eml hulh, 548. 

Endergonic reaction, 841. 

Endogenous lihres in spinal < oiil. (5S1(. 

metabolism. S!l(l. 

Endolympli. 59(5. 

Endothermic reactions. 841. 

End plate, acetylcholine at. 519. 

(lianges after nmve .section. 5n5. 
yiotimtial, 512. 
structure. 519, 
transmitter at. 5(lH. 51 I. 

Energy btmds, 429. 

oiitjuit. determination of, 975. Srt 
IWsal metaholism. Mi'tabolic 
rat(‘. 

recjuireinents. >Vc Diet, 
transfer. 841. 

va lue of foodst uffs, 1052 -1054. 
Enophthalrnos, 708. 

Enterooeptive impulses, 549. 
Entcrogastrone, 780. 

Enterokinaae, 796. 

Enuresis, 771. 

Enzyme protein, 840. 

Eosinophil count, action of A(TH, 951, 
952. 

adrenal eortieoids, 951. 9.52. 
adrenaline, 951. 952. 
corti.sonc, 952. 
in (hishiiig's disease. !(.52. 

disease, 951. 
normal, 951. 

Ephodrim^, 510. 
for myasMamia gravis. 519. 
potentiatc?s adrenaline, 729. 

Epieritie sensibility. 558. 

Epididymis, J102." 

Epilep.sy, elefjtroeiiceyihahigram in. 627. 

exjiorimental, 695. 

Erection of penis, 1104. 

Erep.sin, 796. 

Ergosterol, 1(K)9. 

Ergotamine, (ergotoxin). 729. 

produces sk^ep, 687. 

Erytbraunia, 168. 

Erythrolilast, 164. 

Erythroblastosis fietalis, 180. 

Erythrocyte. Spp Ked blood i;orpuflele. 
Erythropoiesis. 169, 194. 

Eryihroiioietic capillaries, 162. 

Eserine, action of. 509. 
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Kssouiiii] liypcrtiMisioii. liri.'i. Sn llyiwr- 
irtisioM. 

Ktliaiiolaitunr, SliT. 

Mtlirr, for <*irciilal-i<ui titnc* il(‘t<.Tiiiinutiriii. 

Kt liiiiyl-dvstradiol, 1<)71S. 

KlliistCrimc, iDSl. 

Kii^doImJin. St-i (dolnilin. 

Kunurii, llOS. 

(jd.st-|ml)i;rtiil, iin(In);r(‘iis for, IJ l:-\ 
Kiuiiirl((M<)isni. aii(ln)g(‘iis for, I ill*, 
tliyunis in, HUT. 

I'AiUis' hlood volume method, H. 

Kv<*'s roekinj; method, JtSl. 

ICwald'.s e\]>tTiment, oHK. 

Excitation, <eiitnd, o^S, o.Sl’ rt .tuf. s,.,. 
aetion. 

Kxeitalorv JilVeriuit, oJS. 

Kxi itor jieunme, 7nl, 

Kxereise. Sa Aluseidai'exereise. 

Kxerpmie reaction, S-ll. 

K\o;re.muis m('1al*olism, 

Exophthalmic goitre (Graves' disease), 

thSH ttJ)7. 

ha<al metaholi«sm in. IITH, tMMt. 
hlood iodine in. !MH). 
l ireulalion in, 2SI. DtHh 
creatine in u?im‘, ‘.IIH. 
dyspiHea in, 4o(i, 
eyo higns in. DIM. IMKh 
iodiiu? treatment of, H1I4. 
liver fum tion, S.‘ld. 
meeli.inieal elliciencv in, 4r»h. 

(►pmalive reimnal. 11114. 
radio-io<line treatment of, 1MI7. 
thionraeil treatment of, IMlIi. 
tliymiis in, DIH). 

tliyrotrophie Imrmoiu* and, UlM), i)!K{. 

treatment of, ‘.MI4. 

vital eapaeily in, 3(5;4. 4o<). 

\ ilamin-/>’ lack and, !MU. 
K.xoplitlialmos, from sympathetie stimula¬ 
tion, 7hS. ilP:!. 
tliyrotrophie liormone-, !)Sl. 
in (Jravt's' diseast*, IMM. 

Exethermie reudioii. S4I. 

Expiratory centre. 

reserve volume {r(‘serve air), 

‘Exten.sor'response,l>4o.>'f c Ihihinski ssigii. 
Extensor thni.st. olHl, tlPI. 

External (lateral) genienlate body. oTo, 
environment. 2. 
inliihition, tiTS. 

Extena-ejitive impulses. .VHh 
Extinelion, (>71). 

Extracellular fluid, 2-:i. Su> Interstitial 
titiid. IMasnia. Water, 
volume, loll. 

changes after .\a(4 excess, t)2. 
saline injeetion. (iO. 
water drinking;, oO. 
ill .Na(.'l rleprivation, til. 


Extracellular fluid, volume, changes in 
pylon<r ohstruetion, 10.7. 
in water deprivation, 00. 
Extra-pyramidal tracts, 020, 0.42. 

J(‘sionH of, 041. 

Extra-systole, aiiri< nl;ir, 2S7. 
hyiiothiilamiis and, 710. 
in denervatcd anim.d. 744. 

\ ent rieul.ir, 270, 2SS. 

Extrinsic factor, 2oo. 

Eye, antimomic sup|»ly of, 7o8. 

movimients. eorlieal cf iilre for, 0.41, 047. 

rei'iproeal innervation in. 04S. 
muscles, nerve siipjjly of, 7l»4. Pupil. 
EveliehU, siimulalion of, eortii-al, 047, 

E.n ial irritahility. lOO.T. 

E.ieilitation, .704. 

Faeces, si i, ?soo. 

in olx-itruetion of hile duet. 70S. 
|>aiRri‘atic deiieieiiey, 704. 

I-aintiug attack.- from hlood h^ss, SI. 
ear<»tid sinus lamipression. 740. 
Viigo-\asal svudrome, 271. 

•allopian tube, 711, 1000. 

“'allot.’.s ti'tralogy, 44S, 4.")4. 

•'amiiial periodic paralysis, 410. 

'’am‘«mi syndrome, SOo. 

•'ar.’uli/.atitm, 1120. 

I'a.-tigium, 4S(.». 

Fat, ahsorj>lir)ii of, St>4, S04. 

partition liypothc*si.s, 80.4. 
adipos(‘ tissue, SOo. 
a prolein-sjiarer, 004. 
hoy (Joe) of JOekens, 041. 
chemistry of. SOI. 
eontenl of food-tutVs, In42 -H».ll. 
{•oiiversi(i]i into j.arhohvdrale, S74. 
depots, SOS. 
digestii>ii of. S02. 

dissimilation, alternate [i oxidation, S7i. 
<-leavage, S72. 
eom]>lete oxidation. S0.">. 
formation of “ 2 fragments " 

(“■ aeetii- aeitl units "), S72. 
iate of acetic acid units. S72. Sfc 
.\eelic aeiil. 

effect on gall-hladder, SO], 
on .sHunaeli, 7S0, n. 4, Slo. 
fate of aftiT ahsorjition, S0.7. 
fatty aeiils of, not eonvi'rted into earho- 
hydrate, SOO. 

format ion from earhoh vdrate, S74. 
from ingested fat, Sl>.“>. 
pyruvic acid. S.74. 
in hlood, S04, SOn. 
fjcees. Hir>. 
facteaIs, S04. 
milk. JOOo. 
starvation. IMX). 
ihoraeie duet, Stil. 

tis.sue.s, 800. 
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Fat, ketone body foriniition, S70, S7o. 
liver and. 81)1). Svv J^iver. 
metabolism of, 8(>J-87o. 

aetion of anterior pitiiitarv on, 
87r», M7. 

dependence on tairbobyilrate, 874. 
fatly acid oxidation, 871. Stt. 

Fat, di><.siiniIation of. 
in dialu'tes. 

paniTeatie disease. 794. 
reiiulation of. 874. 
role of bile. 81)2. 

of carbobyrlrate, 874. 
respiratory qin)ti«‘Mt of, .‘{7.‘1. 
role in liiet, 8G2, lOoo. 
struct lira!. 81>1). 
vitamins in, (jj\ 

Fatigue, in mnsel<‘. IHI. 4, *{8, 504, 521. 
aetion of sympatlietie on, 521. 
in niViLstlieiiia j^ravis, 519. 
in mnscnlar ex(‘reise, 4.*18, 

Fat-soliibh? vitamins. 1079. 

Fatty acid, o.xidation, 871. 

syntliesi.s from acidic a«‘id units. s7.‘{. 
curboliydrate, 87.‘i. 

Fatty acid-l)ile acid complex, 8i»li, 

acids not convertvil into bloo<l jj:lm‘osc.85S. 
liver, 81)7. Idpotropin.s. 

Ferritin, 187, 204. 

Fertilization, relation ol’ b\alnronidasc to, 
1104. 

Fever, 480. 

ba.sal metabolism in, .‘178, 

Fibrillary trer>jor, 1198, 

Fibrillation. Nrr Auricular tibn'liatioti ; 

\Ciitriele, fibrillation of. 
Fibrillation potential, 501). 
fibrin, formation of, 140 f t sfjf. 

Fibrinogen, i:is, i4o, I7;{, lio;{. 

Fibrinolysis. J4I. 

in proHtatic fluid, J io.‘{. 

Fibrinopenia, 140. 

Fick priiviple, 278. 

Fillet (lemniHcus), lateral, 572. 

medial, 5G2 ii setf, 

Filterinji force, 18. 

Filtration, 13. 

and tissue fluid formation. If) v( wry. 
fraction, 27. 

in glomendi of kidney, 27 #7 Mry. 
i^'iual common path, 527. 

Finger-nose test in eerel)ellar lesion, G| I. 

in taix^.s, 502. 

Flaeeidity, 505, 583, fllH). 

Flare, 823. 

Flavin = Flaviii-ad(*nine-dinudeotide. 
Flavin-ad(?nine-diniJcleotide (FAl ).\), 83*.), 
840, 854, 885, 1028. 

Fla VO proteins, 854, 1028. 

Flexor reflex, 692. 

Flocculation tests of liver fnmdioii, 831. 
Flour, 1058. 


Foetal circulation, 3.3<). 

ehanges at birth, 332. 

Foetal respiration, 1097. 
fadal ehanges, 1098. 
ga.setuj.s iiiterehanges ijj placenta, 1099. 
maternal elianges, 101)8. 
oxygen dissociation curve <*f fa*tal 
blood, 1099. 

Folic acid. litS, 8S4, ]02(f 
Folin table (X eonstitiKuits of urine), 8‘)I. 
Follicle-stimulating bormoiu’ (FSH), 1083, 
lost). 1113. Neil (Itmado- 
ti*o|)hins. 

Follieult)ids. 1075. 

Folling's disease, S90. 

Foodstufts. eompositi<ut of, 1052 1054 
.S'm Diet. 

F<»ramen of Magt'udie, ll8. 
of Monro. 121. 

obstnietion of. I2I. 

Foramina of laisehka, 118. 

Forinatt‘. midabolism, 884. 

Forward eondiM'tion. law of, 53ti. 

Fractional test meal, addity enrM s. 7S2. 
diagnostic value, 783. 
restiiiL" gastri<; contents, 7SI. 
role of gastric alkali and min us, 783. 
role (»f ri‘gurgitation «d’ intestinal 
contents. 782. 
tei bniipie, 781. 

Fragility of eorpuscl«5.s, MJ8. So.- lied 
blood <‘orpnscle.s. 

Fr<M‘ m‘r\ e einlings, 548. 

Frey's hairs, 552. 

Friedman t<‘st for }»regnain \, 1(M)0. 
Frohlicb's .syndrome, 940. 

Froin'.s syinlronnx 13n. 

Frontal eyelield, 631, 637. 

lobes, (Jeseending tracts from. (>29. 

c.xi itomotor areas in, 629 H ti33. 
,SV('(VTcbral cortex. Fyramiflal 
tracts. 

prefrontal area, fi68. Str Freiiontal 

1o1m*s. 

tyjM* of cortex, 614. 

Fronto-pontine tibrevs, 631. 

Fructose, 835. 839, 844. 

Frueto.se.’1 : 6-diphospliate, 848. 
FriietoHe-6-phf)sphat(\ 848. 

Functional testsof efficiency ofkidnev, 34. 7o. 
of livcT, 829 832. 
paTiere,as, 792. 
stomar h. 781. 

Furano.se ring, 844. 

Gait in cereUdlar lesions, 611. 
in tabtw, 561. 

(lalaetolipiiles, 837. 839, 8f)2. 
(lalaetosamine, 839. 

Galactose, 835, 837, 839. 
ab.sorf)tion of, 836. 

U?st of liver function, 830. 
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Gall-bladder, action of adrciii'ilinc on, HOI. 
of bill* waits on, SO). 

choJiM'ywtokinin on, HOJ. 
f(»o(l on. SOI. 

ma^Micsiiiin sulphate on. SOi*. 
peristalsis on, HOI. 
eholecvsto^M'aphv, 802. 
functions of, S(M). 
inovcnicnts of. 801. 

McrA c sijjiply of, 71J. 
icnioval of, S0:i. 
reservoir action, 80,‘1. 

S,r Mile. I aver 
thillop riisthtn, 207. n. 1. 

<iainetoUinctic princi]»le. 1111 
<lases. laws of. .‘lOo. 

(las]Mn<r hreatliins;. 1191. 

<ia.ss(‘riaM ganglion. 70S. 

I«..ss of taste after c\lirpali»)n of, .'>sl, 
II. I. 

<hist ric analysis. .S<c Fra<*tional test meal, 
(hi^tric juice. .Sm Stomach. 

Gastric iilcer, 70:j, 787. 

emotional stale and, 787. 

])ain in, 703. 

Gastrin, 77ih 

(histnecolic listula, 797, 

(lasti’o-eolic rellex, 813. 

(hislrodleal relle\, 812. 

(jastro-jcjunal ulcer, 788. 

(lastro-saliN ary rellex, 774, n. 3. 

" thistrezyinin,” 780, n. 1. 

(lelatin, 881. 

(4eniculat<) bodies, lateral (external). .70.7, 
.770. 

medial (interiiul), .707, 772. 

(Jennari, line of, 017. 

Gigantism, 934. 

(diadin, 1071. 

Globulin, for hannophilia, 1.70. 
hypertfuisiiiogen, 2.3. 349, 
in inllaiiimatioii. 222 . 
leueoeytosis prodiieing faetor, 221, 22.3. 
neerosin, 223. 

of eerehro-sj)inal lluid, 119, 130. 
plasma. Sk Plasma proteins. 

(dohus pallidiiN. 030, 070. 

(donieruli of kidney. Nec Kidney, 
(dossitis, 10.31, 10.37, 10.37. 

(dueoi'ortieoids, 978. 

(diieogenie ainino-aeids, 887. 

(i lueosamine, 8.39, 

Glucose, 837, 844. 

ahHor})tion by renal tubules, 2 S, 32, 927. 
in intestine, 830. 

di.swiiiiilation, ett'ect^ of insulin on, 912. 
formation of, 870 (t neq. 
glyeogen formation, 837. 
in blood, aetion on brain, 917. 
islets, 917. 
liver, 856. 
stomac'h, 780. 787. 


Glucose in blood, adrenaline on, 727. 
adrenal eurte.x on, 947. 
after he])at(‘etomy, 824. 

Iiy pophysecluniy, 937. 
synipalheetfuny, 717. 
aiiinentarv eanal and, 800. 
eorti.smie on, 901. 
eiirve, 922. 

in diabetes mellitiis. 923. 
diabetogenie hormone on, 937 . 
familial periodic paralysis and, 720. 
I'ormatifui from protein, 877. 
glycotro])ie faetor on, 939. 
hormont‘s and, 879, 80<l, 911. 937, 
94.'). 

hyperglycemia (7./ .), stio. 

liy]>oglyea‘mia I 7 .C.), SOU. 
in exojihthalmie goitre, 991. 
iuLTcslion of glm-ose. and, 929. 
in iloiissay animal, 938. 
hyperinsuliiiism, 910. 
starvation, 901. 
insulin on ( 7 .C.), 911. 
liver and, 87t>-859. 
nervous system and, 8 O 0 . 
normal values, 877. 
puiieture of fourth ventricle on, SOt). 
regulation of, soo. 
riuial threshold level of, 928. 
symjiathetie .stimulation on, 711. 
800. 

Ihyro.xiiie on, 979. 

Sa I'arhohyilrate, tdyeogeii. (dy- 
eosuria. Hyjioglycieinia. In¬ 
sulin. 

Glucose in eeridjrospinal fluid, 119. 
glomerular tiltrate, 28. 
urine. Sit Glyeo.svjria. 
jdm.vplioryhition of, 847, 
aetion of insulin on, 913. 
j)ool, 877. 

reuhs«>rption T„„ 41, 927. 
renal threshold for, 928. 
tolerance eurve, diabetic, 923. 
normal, 922. 

transformation into fatty acids and tat 
in diabetes, 920*. 

" utilization ”, action of insulin on, 912. 
utilization" and di.ssimilation in 
diabetes, 919. .S'le Carbohydrate, 
(dycogen. 

Cducosc-1 -phosphate, 847. 
(.diicosc- 6 -phosphate, 837, S3S, 844. 847 

Glueoside linkage, 844. 

Glueostatic action of liver, 870. 

Gliieiironic acid, 839. 

conjugation with, in liver, 828 
Glutamic acid, 877. 

Glutamine, 877. 

Glycerol, 838, 807. 

Glycine, 798, 870. 

conjugation with in liver, S2S 
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Glycine, cToatiiH* syuthctiis, S1J3. 
details of fate. SSO. 
speeitie role of, SSd. 

(Jlyeoeliolate, 7117. 

Glycogen, s:{7, S44, S47. 
in liver, s:{7 d sr»d. 
dissiuiilation of. S4(i. 
formation of. S.47, S.VJ. 
liormoues aii<I, Sod. SoH. 
ill tliabetes, ‘.UD. 
insulin an<l. So!*, ill I. 

in muscle, 42d. s:j7. 

pituitary ami. Soil, 

( t I eoge! u "S i s, Sot i. 

( i lye()genoIy.sis, 8o<». 

Glycosuria, it-7. 

ACl’H, 

adri'iialine. 7 l* 7. 
alimentary. ItJS. 
cortisone, lUil. 

diabetogenie liormone ami, lt‘17. 
in ai-romegMly, b4i. 

Cushing's svmlrome. Ddd. 
diabetes mejlitus, <t ^< 7 . 
e\o])hthalmi(r jroiln*. DIM. 
renal disea.se, D2S. 
phloridzin, D2S. 

])ojyuria from, D2J. 
puneture (piipire). SdO. 

I’elatijm to hyperirlye.emia, stiO. 

renal, D2S. 

renal 4’in(j ami, D27. 

Clyeotropie factor. D4D. 

(ioitns colloid, DS7. 

Goitre, ex<*phthalmic. Sec. Kxojihthalmic 
goitre. 

simpie, DSd. .SV<. Thyroi<l. 

Coitrogens, DSD. 

(»olgi-Alazzoni receptf»r, o4S, 

Golgi organ. o47. 

Gonadotrophic hormones. .Vm; (oma<lo. 

tn^pliin. 

Gonadotrophin, actions of, iDst. 
cborioni<' ( 7 .C.), HiS4. 
follicle - .stimulating hormone (rSll). 

ios:i. 

in urine at menopuu.se. lOS/i. 
luteinizing Jiormone (I..H), IDSI}. 
jiituitary, I0S,*1. 

prolar-tin (lactogenic liormom*. la.cl«>gcn. 
lul(;otrophin), lOS.'l. 

pregnant. mar(^ .scrum (PMS, .serum gonad¬ 
otrophin, equim'gonadotrophiri). 
10S4. 

regulation of secretion of, Jdsi. 

role of hlood Ii<Hfiioiie level. InSo. 
hypothalam 1 is. It)S4. 
lestrogens, JDSo. 

.secretion in fiu i’ct, IDSo. 
pigeon, 10S5. 
rabbit, lOSo. 
thcrapeiitie u.sc of, lOSli. 


Gout, blood uric acid, SDH. 

cIVect of acetyl .salicylic acid, SDD, 

ACn’H and eorti.sone, SDD. 
einehophen, SDD. 
eohdiieine, SDD. 
uric acid pool, SDS. 

(.(raatian follicle, Itltio, ID77. 

(Iradients in intesliiu*, 807. 

Graft of ovary, lOdD. 
oftesti.s, li lO. 

Granular cortex, otiS. (Mo. 

< Jrannh* cells of ccrcb»‘llum, 
layiu* of ccndiral cortex, t)l,*{. 
Granulocytes, lM4. Nm* K().sim»phil. W hit( 

hludd c<»i‘pus('U*s, 

Granulopoiesis, 1 * 20 . 

(irasp reilcx. dll, doD. 

Graves* disease. Srr r.xofdithalmii- gniirc. 

(gravity, on output of heart. 2sn. 
venous return, ‘21,"}. 

(irey ramus communic.ins. 7lo. 

(Jrief, changes in. ddt. 

Growth, curvi's for dillrrmt- organs. Dtl*. 
hormone. Str IMtuit.irv. 
r<‘gulatioii of. D4I. 
role of dirt. D J.‘J. 
of i^mlocrines. D4.‘i. 

(oiaiihiim'. SDi'. 

Guanine, S7S. SDo. 8D7. 

(ilymeeogenic (feminizing) action. |0S2. 


“ H **-substance, lilMuuted in injure<i .skin. 
;{2d. 

secret4‘d hy antidromic va-scuiilators, ’lOD. 
.S’<c ilistarnim*. 

Il:cm, 172, 

Ha-matin, ohstrm ting n-nal tuhuh‘s 182. 

Hsematinic principle, IDS. 

Hjemaiocrit, Kb 
valm*. 10. 

Iliematomyelia, odO. 

Ha’inatopoiesis, IdO tt sr//. 
Ha*mat.oporphyrin, J 74. 

Hainiobilirubin, JSS. 

Hjemoehromatosis^ 2J 

Ha*moehromogeri, 174. 

Hamiocyanin, 212. 

Ha'inofuscin, 214, 

Haemoglobin, 172 d 7 . 
alt(.*re<i, relation to cyamjsis, 421. 
average corpuscular. Id 7 . 
bicarbonate solutiiui amJ. 41S. 
buffering action of, D2. 

<-arbamino (carb)-, it2, 4Id. 
carbon monoxide, 44D 
chemistry of, 174. 

CO 2 carriage and, 4is. 

iJerivatives of, 174. 

diminishod in amernic amixia, 44D. 

dissociation eurves of 411, 41d. 
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Haemoglobin, tah* in ixulv. Ist. 
fd-tal, lOiM*. 
formation of, JiM, 2lo. 

r6l(* of bile, 1*1(K 

copper, liM), 2 i:i 

infection, 212 . 

iron. 20") c/ Vfy/. Sn Iron. 

[irolcin, 210. 

rnm-tions <'f, ITo. 

in M.n«cinia, HiS rt .snj., H»4, 204. Sir 
.Nincinifi. 

|•('(^ roils. 107, 177). 

Incan cf)rjms<‘nlar, jxn’ cent.., M)7. 
mctlijcino^lolnn. 174, 441), 454. 
normal amount in blood, 175. 
oxygen carriage and, loi) 414. 
patliologicaJ alOu'ation of, 441). 454. 
reduced, relation to cyanosis. 451. 
regeneration of, di(4i(r crjiifrol. 11)4. 
.Milpb-hamiogiobin, 454. 
llicmoglobinuria, after t rans^usinn^. I si, 
]>aroxysmal. 177. 

Hjeniolysins. action (jf, I7(». 

relat ion of .spleen to, 22 s. 
lla'inoly.si.s, aft<T blood traiisfii.siiai. Isl 
wit.b liypoi(>ni<‘ saline. 10 s. 
fhemolytic di.sease. ISO. 
jaundice. 11)1), 
eongenital. 220. 

.sera, injeeiion, l7o. 

Haemophilia, 150. 
inheritanee of, 150, 
treatment of, 150. 

Haemorrhage, HI so. 

ehcnioreceptors in. 740. 
eom])en.satury rem4ion.s. .S2, S.'h 
n'lniion to .shock, 541. 

H'storation of blood. S4. 
treatment with blood transfusion. S(i. 
with liver extr.-n ts. 210. 
plasma, Sti. 

])r()iein.s, 210 . 
saline, 85. 

Haemorrhagic states, liuc to deei teased 

prothrombin, 151. 
def(?ctive bloorl clotting. 157. 
tlcfectivo capillary contraetilily. 157. 
librinogcn lack, 140. 
haMiiophiiia. 150. 
liaMnorrluigie telangiei la.'.i.s, 150, 
liver disease, 155. 
purpura, 157. 
scurvy, 1041, 1042. 
vitamin-A' clelicieney, 155. 
HttsmoBiderin, 214. 

Haemostasis, mechanism of, 156. 

Hair follicles, sensitivity, 553. 

Haldane gas analysis apparatus, 572. 
Hamburger phenomenon, 420. 

Hassall, eorpuscles of, 1016. 

Hearing, clinical (iiBtiirbaii('(>s of, 57 1 . 
nervous pathway for, 572. 


Hearing, {>crij)her.il mc< haiii.sm of. 575. 

Heart, aetion of aeetyleholine on. 718. 
of udreiiallncf on, 725 r.t st if, 
atropine on, 270, 282. 
histaFriinc on, 557. 
hypertcn.sin on, 55(i. 
ions on, 256. 
pituitrin on. 4ti. 

thyro.xine on, 271. 071). Sn- UtMi i. 
muscle. Heart outjuit. Heart 
r:it(‘. 

aflerents from, 272, 7.56. 
elferents to, 254, 276, 761), 712. 

Heart block, 282. 

branch bundle, 285. 
etfec'ts of, 284. 

from compres.sion of carotid sinus. 740. 

stimulation of vagus, 268. 
main bundle. 282. 
sino-aurieiilai', 282. 

JStokes-Adams .syndrome and, 281. 

Heart, denervalcd, 722, 721), 

Heart failure, 21)5. 

ac‘idam)ia in, l05. 461. 
alkahemia in. 1)8. 461. 
ano.xia in. 450. 
auricular r«‘lle\ in. 275. 
b:i.sal metaltoiism in. 5 S 0 . 
cardiac out put in, 21)5. 

(’lieyncs- 8 tok(‘s br<‘atbing in, 464. 
circulation time in, 262. 21)5. 
cyanosis in, 455. 
dyspmea in, 460. 
ctU‘cts of exertion, 4t>l. 
in aortic regurgitation, 207 
mitral disease, 21 ) 6 . 
kitlney in. 111 . 
liver in, 760. 

• edema in. 111 . 

orlhopiuea, 461. 

paroxysmal dysi>na;a, 465. 

puliiionarv (edema, 117. 

right ventricular pre.s.suiv in. 2 i) 0 . 

V(‘iious jiressure in. 111 511). 

ventricular, 295. 

vital capacity in, 562, Min. 

Heart, force of, 255, 275. 

diastolic pause and, 277. 
initial length of fibres aiul. 275. 
nutrition ami oxygen suppl\ .nul. 
256 ct *■(.(/., 277. 

Heart, liypt‘rtrophy of, 277. 297. 
junctional tissues of, 255. 
law of, 276. 

Heart-lung preparation, 276. 

Heart, movements of, 264. 

Heart muscle, all-or-none law, 255. isu. 
blood supply, 237. 
conductivity of, 235, 247. 
contractility, 235. 
electrical changes in, 259 <*/ 
excitability of, 235. 
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Heart muscle, laU'ut ptM-iod, '2‘X}. 
luw of, 275. 
nu'ta holism of, 23t>. 
nutrition of, 23ti. 
oxygon ooiisumption, 2 .*{T. 
oxygen debt, 2137 
porfusiitii of, 2 .*U). 
properties of, 2.‘ir>. 
rate of eondiiel ion in. 2 ;i.‘>. 
it‘fraetorv j)erio<l of. 2.‘*5. 
rhythmieity, 23(), 
stmet lire. 2 .‘{d. 

Heart, nerve supply of, 20.s. Xm 

Sympallietie. 

Heart, nutrition of, 2:3(). 

eoronary eiri‘ulati('n (v-e.) and. 2137 
etTeet of blood pn'ssiire, 2.‘i7. 
of ( a, K. \a, 2 db. 

fl+ ion eoiKentiati«»n. 2 d(i. 

Heart, origin and spread of impulse in, 2:ti 

rV siy. 

«*li‘i tdeal nietluMl ul study, 2.‘3‘.>. 
origin in S.A. node. 245. 
spread in aurieb's, 245. 
in bundle of His, 2 Mi, 

ventricles. 24b. Nm Kli*eiio- 
eardiogram. 

Heart, output of, 274 2S2. 
at rest, 2Slt. 
control of. 274. 
distribution of. 2.Sb. 
etVeet of iilood \uluine. S2. 
of body weight, 2S2. 

<*{ipillary tone, 275. 
cold, 2 hJ. 

(; 0 „ 2 S 2 . 
food. 281 , 
foree of heart, 275. 
gravity, 275. 

Ine/norrhage, 82. 
heat, 281, 477. 
metabolism, 2 S|. 
muscular (‘ontraeli<in. 274. 
oxygen lack, 2 S 2 . 

|)o.sture, 280. 
rate of lieart, 277. 
respiration, 275. 
saline injection, (id. 
vagus stimulation. 269. 
venous return, 274. 
in aortic regnrgitat ion. 298. 
aiirieular librillation, 294. 

<?xereise, 281. 

exophthalmie goitre, 28 |, 99d 
heart block, 277, 284. 
lioart failure, 277. 
heart-lung preparation, 276. 
histamine poisoning, I3J17. 
mitral incompete.nee, 296, 
mitral stenosis, 287. 
rnyxeedema, 281, 9813, 
paroxysmal tachycardia, 277, 299. 


Heart, output of, in patent duetiis 
arteriosus, 3313. 
in shock, 340. 

methods of determining, 278. 

direct Fick method using in 
man. 279. 

Kick firineiplc, 278. 

Hill s, ill exercise, 279. 
rehition to blo«>d pressure, 278 . 
Heart, oxygen <‘oMsumption, 237. 

Heart, oxygen lack, tdfeet on, 23r). :{S 3 . 
Heart, perfusion of, 236. 

Heart, pressure changes in, 25b. 

Heart, rate of, 270 274. 

cardiac centres. 270. 
elVeet i»f ai'etyleh(dim‘, 7 I s. 

(»f itdnuudine. 725. 
allert'fil nerves. 272. 
aortic nervi* an«i, 272. V3S. 744. 
atropine. 270, 
aiirieular rellex, 273. 
rarotid sinus. 272. 738. 744. 

CO^ (‘xeess, 274. 

eornjileie sympal liei tomy, 715. 

hiemorrhage. S3. 

Iiiglu*!* eiMitrc'S, 271. 
hypothalamus, 716. 
ruuseular exmvise, 273, 271. 
oxygen lack, 273. 
parasvmj)atlu4ie transmitter* 
719. 

raised intracranial |»rt‘ssure, 274. 
re.spiration. 271. 
sympathetie, 270, 1119, 1121 
svmpatlietie transmitter, 722. 

’ 729. 

ternp<‘ratlire, 274, 470. 
thyroxine, 274, 979. 
vagu,s, 270, 1119. 
in ealorie delieieiuy, i()47. 
e.xophthalmii: goitre, 990. 
heart failure, 273. 
myxtedema, 984. 
thiamine defieieney. I(t29. 
regulation of, 270. 
sinus arrhythmia, 271. 

S<i Vagus. Sympatludiic. 

Heart, rhythmieity of, 236. 

Heart, sensibility of, 750, 755. 

Heart sounds, 265. 
aiirieular, 266. 
ill aortic regiirgitatimi, 297. 
reduplication of, 267. 
third, 266. 

Heart, special junctional tissues of, 233. 
auriculo-ventricular node, 234. 
bundle of His, 234. 

Purkinje fibres, 234, 235. 
sino-aurieular node, 234. 

Heart, work of, 235. 

Heat aeciimati7.aiion, 478. 
cramps, 65, 478. 
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Heat f lVe(!t. <jii bmithing, 40.‘t. 466, 47H. 
nictabolisra, 378. 
out})ut of lieart, 492. 
skill vessels, 327, 468, 474. 
exhaustion, 478. 
los.s, 466. 

pi'oiluetioM, 466. Stf Jbisal iiietaboli.sru. 
in iniiscit*, 42S. 431. 
nerve, 491. 
respon.se to, 327, 474. 
stroke, 479. Ste Fever, 'reinjieratnrt. 
llel\veg\s bun(ll<‘ --biilbospitiMi tract, 697. 

I bMnia.iiOj>ia, varietie.s of. 

Henii]>legia., 641. Srr l*v?*aini(Jal tra.<-ts. 
Henserrs line. 662. 

Heparin, 144. 

elnunistry, 146. 
in peptone .sliock, 146. 
nieta.chr<.)nia.si}i. 146. 
n*lation t(» mast cells. 146. 

U.SCS of. 147. 

Hepato-renal .syndrome, 834. 
llt'jiatic refractorine.ss as rcj/ard.v the in¬ 
hibitory response. ” (!), 927. 
Hepatitis, toxijiatliie, 828. 

trophopathi(\ 828. 

Herpes zoster, 399. 

Hesehl's gym.s, 616. 
lle.Mestrol, 1078. 

He.vokinast;, 837, 844, 846. 

action of in.siilin on, 913. 

He.vo.samine. 839. 

Hoxose, 836, 

High altitudes. Stt’ Altitnde.s. .Anoxia. 
High energy phosphate bonds, 842. 

H+ ion concentration, 87. 
eifeet on arteries, 329. 
bieatbiiig, 396. 
capillaries, 329. 

di8.sociatioii of bannoghdiin, 411. 
heart, 236. 
kidney, 98. 

Sre Blood, reaction of. 

Hippoeami»al gyrus, 582, 669. 

structure of, 613. 

Hippuric acid, 825, 895. 

test of liver fuiietion, 839. 

Hirs(;hsprung’s di.soase. 816. 

Hirudin, 145. 

Hi.stamina.se, ,336. 

Histamine, 335. 

action on adrenal, 554. 

on blocxl, 337. i 

eirculation. 336. 
glands, 338. 
smooth musele, 338. 
axon rellex set up by, 324. 
chemistry of. 336. 
headache, 338. 
histidine and, 336. 
in gastric juice, 338. 

inieoted into skin. 325. I 


Histamine, -f-insulin test, 786. 
in ti.ssue extracts, 335. 
produced in injurc'd skin, 3.38. 
redation U) action of venoms. 3.39. 
to anaphylairtic .slux-.k, 338. 
burns, 344. 

“ ll “’-substanct... .‘^26. 

infection, 338. 

reactive hypeni^mia, 339, 338. 
traumatic .sliot-k, 313. 
triple response, .326. 
urticaria, llo. 

tcftt tif gastric function. 7s:t. 
transmitter of dorsal ncr\ roiUs. 308, :i26. 

to oxyntic cells, 776. 
trijde n.-sj)onsc from, 326. 

Histidine, 336, 878. 
and purine syntliesis. 867. 

Honieosta.sis maintenance of constancy 
of internal (environment, t/.r. 

Homocy.st(*inc. 878. 882, 88.3. 

Honiugcntisic acid, 899. 

HomoscrifM*. 883. 

Hordeiiinc anti-cboline.stiaascs. .710. 
jo'tion on sjdiiul «a>rd. 631. 

HorntoiK's in urine, 1999. 

Horner s svndroiue, 708. 

•• Hot tiiishc's, ” 1968. 

Hot .sjiots. 552. 

H.ou.s,say animal, S6it. 

Hunger pains, 819. 

.sensation. 1948, 

Hyaline cell. 214. 

Hyaluronidase, fornnsl l>y .spiM’tn. 1193. 

Hydatidiform mole, loss.' 

H ydncmia, 4. 

Hydrocephalus, 121 , 126. 
action of hypertonic saline in. 127. 
clinical varietie.s, 126. 
ex fwri mental, 126. 

Hydrochloric acid in gastric juice, 775 ' / .sc*/. 

Hydrogen acceptor, 849. 
carrit'^r, 849. 
transfer, 856. 
transport, 839. 

Hydrogenase, 84V1. 

Hydrone]>hr(j.sis. hy]>crten.sion in. 368. 

Hydrotropie substance. 863. 

Hvjx'ralgesia of musi h's. 769. 
of skin, 747, 748, 769. 

Hypercalcsemia, 1996. .Scc Calcinm. 

Hyperglycmmia. cause.s of, 869. 
factor, 919, 918, n. 1. 
from brain lesions, S60. 
cortisone. 961. 

depressed utilization of glueosc, 860. 
diabetogenic factor (AC'fH, growth 
hormone), 

diiuinished liver activity, S24. 
excessive glucogcnesis in liver, 869. 
insulin lack. See Insulin. 

Duncture of floor of fourth ventricle. 869. 
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Hyperglycaemia in dialH it s. 

“ unresponsivoness," IKJl. 

Svc (iluoo.'iio in blood. 

Hyperinsulinism, 91 b. 

Hyperparathyroidism, 1 ( m >7. 

blood c‘luiiigo.s, IdOH. 

ditl’use parathyroid h\ ja’i’plasui Dr para- 
thyr(dd adoininia, lObT. 

Dstoilis librojsa cvslica. HKIS, 
ostrop<>rosis, IfHKS. 

•^oniin J’ in, j(Kd. Nm 1‘arathyruid. 

Hyperpituitarism, 941. 

Hyperpnoea and K.biMi. 
otVocts oi', 4(K). 
tetany from, 40S, I(»07. 

Hyperpyrexia, artitieial, 17n. 
eliromatolysis from, 4!Mi. 
i]i heat .stroke, 47!k 
pontine lesions, 47.'i. 

Hypersplenism, 2J9. 

Hypertensin, aeiion in m.in. :{.■><). 

formation of. 2.‘{. .‘Uib 
.11> IXTteiisin-"’ aetivatoi.' 

'■ -inaetivator," ‘,i~y2. 

I iyptfrumsinase, 
llyj)erten.siijogen, 2.4, 

Hypertension, .44”) .‘{os, 
benign, 3.3.4 
elinieal, 35.4. 
essential, 353. 

blood vessel ehanges, ,4,‘)4. 
l ireulatory eharjgr's, 351. 
kidiK'V ehanges. 354. 
nieeliaiiism of, 357. 

.*^ympatheetomy i'or, 357. 
experimental, ,447. 
from injurie.s to kiilney, o bi. 

from renal ischaemia, 345 
in man, 34b. 
me(‘hanism of, 347. 
rtdation to elinieal hypertension, 
353. 

v-aseular changes in, 35b. 
from section of sino-aortie nerves, 745, 
hypertensin (arigiotoniii) and, 3.5b. 
hypertonsinogen and, 349, 
in aortic regurgitation, 297. 
cerebral amemia, 311. 
exercise?, 435. 

raised intracranial pre.^sun-, 311. 

“ surgical ’’ kidney di.scase, 358. 
malignant, 353. 
phaBOchromocytoma and, 734. 
renal, 345. 
renin and, 349. 

Hyperthyroidism. See Exophthalmic goitre. 
Hypertonic saline for raised intracranial 
pressure, 127. 

Hypertonus and hypotonus. See Muscle 
tone. 

llyjKi'rvitaininosiH-/^, 1012. 

“ Hypriotoxiii ” and shrep, bSb. 


Hypoealeaimia, 1007. 

Hypoglycmmia, adrmi.iline lor, 9l(i. 
adren.niine secretion in. 7.41. 
after extirpation t)f liver, S2 1. 

hyjK)j)hyseetomy, 1>.47. 
for schizophrenia. 915. 
fixun injci'tion ot insulin, ‘.ti l. 
glucose for. '.Mb. 
in <4iniriil h\perinsulinism, 9hl. 
on gastric seen tion, 7S5. 

liver. ^S5S. 

.>.ymploms of, tM.5. 
treatnuMit of. '.Ml*. 

iinrfsponsiveness, 0.41. >>• t tilm-D.sr in 

blood. Insulin. 

Hypoparathyroidism, iKist-opiiatne. 
1004. 

treatment. lOOti. 
stuaim I* in loot.. 
llypDphy.M-al diabrl»•..>. IMS. 

Hypophysis. N / J*ituitar\ 

Hypopituitarism, '.Mo. 

Hrissaiid typo, 941. 

bat bov ’ l.b't'j in l*irk\vii k I’apms. 
‘M 1. 

Lorain t.vpv. 94n. 

Hyporibotlavinosis t riad. lo34. 

Hypotension after ba•morr•baLu•. S2. 
in Addison's diseasi*. 

.‘jhoi’k, 340. 

Hypothalamus, 71b. 
anatomy of, bb5, 71b. 
and eortii a! movemmit, b,4o. 
eorth’al connections. t»t)5. btilt, 
de.scending motor libros from, <>30. 
disea.Ho.s oi, 717. 
functions of, 7 Jb. 
nuclei of, 71(>. 

relation to emotional rxpn'ssion. t)b.5, 
bb.S. 

to gastri«- ule<T, 7.S0. 
obesity, 7 IS. 
jiarusympatbetir, 71b. 
piirsonalily, b7(k b74. 

[) 0 .sU?rior |)ituitary, 42. 17. 
rage reaction, b(i5, ti7I. 
sleep, 7IS, 

.sympatlietir. 71b. 
teiiijM'rature rcLudalioii, 473, 717. 
ibalamu.s, bb5. 

Hypothyroidism, 9S2, ttsb. 

Hypotonic saline, action on cerebrospinal 
fluid, 12b. 

Hypoxaiithine, 897. 


ICSH, action on tostos, 1113. 
Icterus gravis, 180, 833. 

IJeocaBcal sphincter, 812. 
(mbecillitas phonylpyruvica, 890. 
Imino acid, 885. 
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liiuoil Iransfiisidti. l<Sl. 

Iixiicari, !MMI. 

Indoxyj jidtassimn sulplial**. '.HKl. 

Infant Hercules, iiUT. 

Intrridr cfn'iM^ra <]nadri;'t*iiiiiia. (odllitajli), 
r>72. 702. 

Inflammation, 222. 

l(Mi<M)rytnsis pnxliH.iDM ta< lnr, 22J. 22ri. 
ldU( (»taxinc, 222. 

Mrcmsin. 22.‘*. 

Iin .‘Ki.'i. 

inl'midiOiilai' stciii ni' pitiiitaiy. 41. 

■■ n lcasni hy tcsli--, 1111. 

Inhibition, fcntral, .yjs. r>-i2 r/ 1 120 . 

< nnditinncd, <»7>'. OSn. 
ditli'naitial. 070. 

I'xlrnial, i)7S. 

»‘\tinrtidii, 070. 
internal. 070. 

of re.spiniloiN < <*ntrr. .‘{SS, 
vas<nn(»('ir crnlrv. 7o0. 
periplieral. 1127, 

reciprocal, ilso, .via. .Viu. oni. o.’M, 0 . 4 s, 
040. 11241 12 s. Ilr- 

fifinxal innervation, 
rellirx. .‘)42. *S^^ I-!eOex a<' 1 .iot\. 

InliiOitnry atVerent. .112. 
i nit ial heat in nuis< le, -441. 

in ner\e. 401. 

I n piry potent ial, 4S1. 

Innsinie aeid --- hvpoxant Inne rihnsr . 

v* 

liiiiMtol pliosphorie aeid, OOM. 

In.sen.''il»le peispiration, 407. 
ltis|iiraturv ea])a»'itv (eninpliinenlaix air), 
’ 402, 

Inspirators eentre, 4S4. 
and apneu.sis. 4.S(5. 
i.solated, anoxia on, 402. 

(4)., tni, 401, 

Insulin, ofo. 

aetioii after liepateetoniy. Oltt, 0l.'». 
after vatjrotuiny in man. 7tSl. 
in diabetic, 0:31. 

eviseerale ])n'])aratioii. 01 I. 
liv(“rh^s.s animal. Oil. 
norma) man, 014, 

Simniond.s' disixiae, il4I. 
on ua.strie seeretion, 7S1. 
bexokina.se, 013. 
liver. 810, 014. 
mihsele, OJ1. 

re«f>iratory quotiont. 921. 
tissue enzymes, 913. 
vagus centre, 785. 

and histamine test of gastric funetion, 780. 
anti'insulin serum, 927. 
anterior pituitarj^ and, 913. 
antagonizes diabetogenic factor, 914. 
cheinistry, 910. 

eflcct on rate of conversion of gliH‘o.si’ 
to fatty aj’ids in liver, 914. 


Insulin, elfect on ^dm^o.se di.ssimilation and 
iitili/ation, ’ 012. 
j^ly<M);ji ii depo.siticjM, 01 I. 
lijiogenesis. 014. 
ncoirhieof/ene.sis, sl7, 014, 020 . 
bypcriiisulini.sm. Old. 
hyj)er.sirn.sili Vit y, 027. 
bypoglycaemia from ( 7 ./ .). oi l. 

.<vm])tomK in man. Oil. 
iberapcnlit* ii.'Jc. !H1 n. I. 
treatment of. 010. 
i.-^lel.s ami (f/.r.). 000. 
mode of action. 01 !. 
inorie of admini.vtration. 021. 
ju-otamine. 020. 
rcirular. 020. 
resistance., 027. 
retard. 020. 

secretion of, blood elueo.se level and, 
017. 

by pam reatie Lira ft. 017. 
continuous, 010. 
control of. 010. 
eXees.siv(‘. tMO. 
vaci and, 017. 
sensitivity, 020. 

in .Viidison's disease. 010. 
test of LTiiStrie fiiiu tion. 7S1. 
zinc, 020. 

zinc and protamine. 02ti. 

Interlobular {cortical) arlei’ies ot' kidnev, 

21 . 

veins of liver. 818. 

Intormedio-lateral born, 701. 

Intermittent elamii<*!it.ion. 4t»l. 711. 
Internal arcuate 01 ires. 007. OOS. 
capsule, 042. 
environment, 1. 
and kidney, 22. 
constancy. I. 

(meiiial) geiiicnlaO^ bodies. 172. 702. 
InterniirK’ia! neurones, 127, 120. 

Inter-renal body. 044. 

lnler.s|»inou.s ligaments, injection of hy|>cr- 
tonic saline into, 74S. 

Interstitial cells of ovary, HM)7. 
of testis. 1 im. 

Iluid. L 3. 

composition of, 1. 

exchange with inlraeellular lliii»l, 7. 
plasma, 0, I7~18. 

InU*stinal baederia, .svnthesizo vitamins 
1020, 1020,’ 1042, 1048. 
"'Intestinal intoxication,'* SI 7. 

Intestinal obstruction, 108-110. 

of small intestine (simple), lOS. 
chemical changes in, lOS. 
low, 109. 

treatment of, 109. 

results of srvdiiim chloride deprivation, 
108. 

water deprivation, 108. 
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Intestine. Sef Small intestine. Large 
intoatint*. 
gradients in, 807. 
nerve supply ot\ 714 710. 
sensibility in, 7(52 #7 
Intracellular fluid, 2. :i. 

ehangc.s after watiT flrinkinjr. nO. 
in XaCl deprivation, 04. 
exeess. (52. 

in water deprixation, (54. 

(•o]n])osition of, 2, 

exchanges with interstitial fluid, 7. 

volume, 11. 

Intercranial pressure, raised, .ntion of 
hypertonic saline on, 127. 
effect on blood jiressure, .‘111, 4(54. 
heart rate, 274. 
respiration, 4(54. 
in cerebral tumour, 125. 
hydrocephalu.s, 125. 
ura-mia, 77. 
water intoxieatitm. oil. 
re lief of, 128. 

.sfTUTn tJ-catnient, 12il. 

Intralobular vcnris of liver. SIS. 

Intrapleural pressure, .‘fliS. 

in pneumothora.x. .3(5S, 

Intravascular thrombosis, 147. 
decubitus, 14il. 
j»ost-operative, 1411. 
prevented by diconniar<i1, 154. 
by heparin, 147. 

Intrinsic* factor, 200. 

Iniilin clearance in water drinking, oS. 

measiire.s glomerular tiltration. ,*55. 
38. 

Inverta.se, 70(5, 835. 

Involuntary nervous system. Auto- 

noinie nervou.s system. 

Iodide, action of blood level on thyroid. 
073, 075. 

< oi)version to iodine hy thyroid, 074, 
.sfdective absorption by thyroid, 073. 
Iodine, deficiency, results of, 087. 
for thyroid hyperplasia, 082. 
in blood, hormone (preeipitable, protein^ 
bound), 070. 
inorganic (filtrable), 070. 
in thyroid disc'asc, 07(5, 084, OOo, 
in dic!t. 087, 105(5. 
intake, 072. 
in thyroid, 072. 

radio-active (*'*M*) treatment of (braves' 
disease, 007. 
requirements, 1050. 
therapeutic use, 9.58. 
thyroxine synthesi.s, 973, 97.5. 
treatment of Graves’ diseases, 094. 
simple goitre, 088. 
lodop.sin, 1022. 

Ions, movements in nerve activity, 485. 
phy.sica! nature of, 11. 


Iron, absorption of, 208. 

deflciency unLemia, in infants and ytiung 
c’hildren, 207, 212. 
in pregnancy and lactation, 20(5, 2J2. 
r61e of menstrual blood loss, 205. 
distribution, 204. 
excretion of, 205. 
for anuuiiia, 209. 
in blood. 208. 

ha*mochromato.sis. 21 .‘5. 
lack of. in milk. 100(5. 
metabolism of, 205-214. 
radio-active, 200. 
re.sults of di*ticieney. 205. 
sources of, 205, 10.50, 1050. 
stimulate.s bone marrow. 21.‘5. 

Irradiation. 53(5. 

lseha*mia of nerve fibrt'.s, lOOl. 

Ischaemic pain, causation of. 751. 
in heart. 7.50, 752, 
muscle, 751. 

limb, uerve changes in. 751. 

Lschiemic (renal) hypertension. Arc Hyper 
temsion. 

Islets of Langerhans, Ooti. 

action of alloxan on, Olo. 

anterior pituitary on, Ols. 
blood glucose on, 017, 01S. 
tbyroiij im, 018. 

after obKtnu’tioii of jiarn-reatic 
dm ts, 000. 

control of secreti(Ui «»f, OKI. 
hypcrglyc.Tmia factor of, 010, 018, 
n. i. 

in <liabeteK iiudJitus, OlO. 
in.sulin .sccrct(*d by. 01(5. 

Icsitm.s of. 018. 
nerve supply, 017. 

.structure of, 009. 
tumours of, 01(5. Insulin. 
Iso-alloxazine, 1027. 

Isocortex, 613. 

Isodehydroandrosterom?, J110. 

Iso-eleetric j)oint of proUdn, 134. 

Jsoleucine, 876. 

I. somerizaiion, 848. 

rsonietric contraction of muscle, 427, .500. 
phase of heart, 2.56. 
re.luxation phase of heart, 258. 

Isotonic contraertion, 427, 431. 

J. sotopes, radio-active, 906. 

stable, 906. 

use in metabolism studies, 906, 907. 


Jacksonian fits, 121. 

Jaundice, 100. 

acholuric (congenital humiolytie), 229. 
after hepatectomy, 825. 
alkaline phosphatase and, 1002. 
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Jaundice, blood (•hoh*.sU*rol ill, 7iM). 

“ disBOfiatcffl," 11)0. 

iVoin injociion of jricoinpntiblf ifd 

ISl. 

b;i*iiiolytic, ISI, 

ill |n.*nii( ioiis Hna'iiiia. IHH. MM». 
obstructivf. Ibi. 

vit a min-A' lack in, ir)2. 
nf iM*\A -l)orn, 
tu\i<‘an<l infcctivis IIH. 
urine in, llk'i. 

\an den JbT^di's test for. Ihtk 
dcjuno-ilcal insiilficiiuicv. 7!)7. 

Jugular vein, pressure ciian^'cs in. 

<i-r. interval in disease of Immlle of His, 

in extra syslok's. JtiO. 

.lunetional lissui*s of beart, 


Kan;."aroo (ies(‘rt ") rat, .\hH in uriiK. 

Keratitis. KKto. 

.Kernieterus. (ibd. 

Keto^zeiiesis, SOb. 

Ketogenic amino-acids, ssT. 

a-Keto;?lutiirie acid, in citric acid ev< I*'. 
Sol.No^. 

Ketone bodies (ketones), ttfk stiit. 
forniatioti, 870 H72. So Tat. dissimila¬ 
tion of. 
formula*. StiO. 
in iiloofl, 870. 
int(u*-relation.s, 870. 
utilization oi‘, 4,'{0, 0:ilb (tL’-l. 

Ketosis, abolishial by insulin. S7d. 
after hyperpmea, -108. 
causes of, 870. 
i'ompensatioTi for, 02-4. 
detinitioii of, iK). 

from anterior pituitar> extracts, 87o. 
IKH. 

in diabetes rnellitus, 875, 02H. 

starvation, 875, 001, 024. 
low glycogen and high fat conUuit of 
liver, 870, 875. 

relation to earbobydratc metabolism, 
S75. 

relation to tliet, 875, n. ,‘l. 
17-Ket.osteroidH in urine, 052. 

Kidney, 21 70. 

action of adrenaline 728. 

of adrenal cortex (r/.r.), JM5, 055, 
OGO, OGl. 

antid ill retie hormone (q.v.)^ 20, 40. 
51. 

cortisone, 061. 
lij'pertensin, 350. 
parathoriiiono, 1004. 
pliloridzin, 20, 32 36. 
thyroxine, 970. 


Kidney, after complete livpophvsectomv. 
030. 

arninoniii formation by, 22, V)7. 
artificial. 78. 

blood flow, in cardiac failun*. III. 

rnea.snrement in man. 35. 
blood supply of, 21. 
of coi tex, 26. 
medulla, 26, 

calcium e.xcrction by, 001, 000. 

“ clcrarance by, 31. 40. 

< bemical transforniaf ion in, 23. 
circulation, 21. 

concent ration of glomcrulcr till rale. 

2i». 

diodrast clearance. 3ti. 

Tn., 40. 

di.seases of. 70 et .scg. iSrc Hy]>erierision. 

.Nephritis. Xepbrosis. 
effect of ammonium cliloride, 08. 
of citrate ingestion, 08. 
emotion, 53. 
exercise, 53. 
llnid Jo.ss, 6(i. 83, .105. 
ha.*njorrbagir. 83. 
high altitudes, 40). 

Kfd. 62. 
meals, 00. 

XaC’l excess. 1)2. 
lack, 64. 

ox iTveiitilation, 08. 
saline ingestion, 62. 

.'iuline injection, 60. 
sleep, 70. 

urea ingestion, 60. 
water deprivation, 66. 
lirinking, 57. 

excretion ()f tmcl products of protein 
metabolism, 22, 7(1. 

(i It rat ion - f ra c t i on. 27. 
functional tests, 34 41. 70-73. 
functions of, 21-23. 
glomeruli of, 23, 25, 27. 

fdtnite of. composition of, 28. 31. 
volume of, 27, 35. 
pernuNibility of, 28. 
pressure in. 25. 
structure of, 23. 

ghieo.se reabsor]>tion Tm. 41, 027. 
hippiirie acid formation, 23. 
in Addison’s disease, 055. 
infants, 67. 

essential hypertension, 354. 
i.sch;eini(* hypertension, 351. 
pyloric obstruction, 105. 
traumatic shock, 343. 
inulin clearance, 35, 38. 
ischaunia of, 351. 
cortical, 26. 

juxtamedullary glomeruli. 26. 
nerve supply of, 27. 
no-threshold substances, 20. 
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Kidney, phosphatt^ fornuitioD, or>. 
pituitary gland and, 4r)-r»r). 
regulation of fluid content of body, t. 21. 

dd-TO. 

of osiiiotif relations, 22. 

reac tion of blood. 22. IM, 401. 
urine volume, 70. 
removal of, 7.*l. 
rc)le of pla.snia jH'otein.". 27. 

“ sc-erelion " by tulailes, :i:>. .‘57. 

sensibility of, 7tio. 

shunts. 20. 

strm ture, 2M. 

thrc*shold snbstanees. 20. 

tubular exc’ndory mass, 4(i. 

e.xeretory maxiinuni (T.„). ‘lO. 40. 
tubule diuresi.s. 00. 

tubules of, action of antidiuretie hor¬ 
mone, r>i, 

baek diffusion in. .‘11. 

excretion (“ set ic-rion ") by, ‘11. .‘{.‘b ‘17. 

forward dilVusi«m. 01. 

fnnetions of. 22*. 

jilucose absorption in. 20, .‘12, 027. 
osmotic pressure of fluid in. 
work, Ilf). 

reabsorption (in fro;i;. .‘12. 

(in maniimil), 2S. .‘12. .'»s. 
reabsorptive mass, 41. 
rear I ion of fluid in. .‘bb 
urea elearanee, !14, JIO. 
urea elefiranee test, IlO, 
urea coneentration test, dO. 
vasa recta, 2d. 

-.Vfic Glycosuria. l.'ruMuia. rrim-. 

Kilt, speculation about effect on testis. 

1110. 

Klinefelter’s syndrome, 1114. 

Knee-jerk, 644. 

a fru(‘tionated stretch rcflcjx, 580. 
after trans-section of spinal rord. fiOd, 
d0;b 605, dOd. 

fc-ntral vagus stiinulaticjn on, 7d5. 
in (.;erebellar lesions, dlO. 
pyramidal lesions, d44. 
sleep, 685. 

.striatal di.sea.sc*. 650. 
tabes, 562. 
pendulum, 610. 

K.O.C., 1005. 

Krauro.sis vulva;, n-strogcuis for, 1082. 
Krebs citric acid cycle, 850. 851. 

urea cycle, 887. 

Krogh’s serotonometer, ;id7. 

Kupffer, stellate cells of, 187, 810. 
Kwashiorkor, 869. 


Labyrinth. See Vestibular apparatus. 
Labyrinthine reflexes, 591, 593. 
Lachrymal gland, nerve supply of, 714. 
l^ctaifmniiii. 1095. 


l.Hi la.sc, 706, 835. 

Lactation. Nrc .Mammary (daml. 

Laeteal.s. 863. Sd5. 

Lactic acid, formation from glycogen, 120. 
from pyruvic^ acud. 420, 840. 
glyc.'ogen formed fnun, 838. 
ill !)loo(l, 438 it scq. 

in thiamine defiriemy, I<t2l. 

violent exercise. 438 */ 

<)\\gi‘n <h‘bt and. 430. 
in hcNirl, 237. 
musi;h‘. 120. 

.aetic* dcdiydrngenase. 840, 

.acdogenie hormone (prolarlin), 10S3. 
.ac-lose, 835. 

.<*ft axis deviatiiui, 255. 
aevulo.se. Nc' i•’ruet(»se, 

Large intestine, funeti.»ns of. M l. 
gas formed in. 83d. 
movemc'iits of, 813. 
nerve* supply «»f, 7Itl. 
scaisibility. 7ti4. Nm Intj-stim-. 
Laryngismus stridulus, 1065. 

L;itc*ral genii'iilatc* IhhIv. 565. 57t'. 

Law, all-or-none. 235, ISO, 505. 
of Hell-.Magendic', 558, n. 2. 
forward eorulm tion. 53<». 

in inte.stine, Sf)7. 
gases, 3()5. 
heart. 275. 

r<‘lease (»f fum tion (rele.i-ir |)h(‘MoiM 
enon). 5s:>. <;.*5, 

Lecithin, 861. Hds. 

in bile. 797. 

blood, 865, S<‘)S. 
medullary sh(‘alh. 4s2. 

Ltreeh to.st for aec*t\ I< hoIiu<‘. 720. 

Lemni.scus, lateral, 572, 7t)f». 
mc'dial, 562, 70ti. 

L<*ngthelling, reac tion, 58ti, 643. 

Leucine, 876. 

Leucocytes, 217, .vVr Kosinophil. W'hitc 
blood corpuscles. 

Leucocytosis, 2I0. 
after splenecdomy. 231. 
in eereliro.^cpinal fluid, 131. 

inflammation, 221. 
jiroducing factor, 221, 223. 

Leucopenia, 219, 221. 

I.ieucojKinie factor, 223. 

l^;uco|)oieHis, control of. 220. 

Leiieotaxine, 222. 

Leukeemla, basal inetabolisni in. 380. 
blood uric acid in, 898. 
spleen in, 225. 

Light, action on skin blood vessels, 328. 
reflex, 578. 

s^thesis of vitainin-/> by, 10()9, 1011. 

Lightning jiain.s, 561, 

JJpseinia, 865. 

Lipase, 776, 790, 796, 8tl2, 863. 864. 

Lipldes (lipins, lipoids), cephalins, 861. 
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Lipides, com pound lij iidcs, H()l. 
in adrenal cortex, 1141. 
lecithins {(f.v.). S()l. 
neutral fat. 801. 

<.)l(‘ic acid, 801. 

f)ahnitic acid. 801. 

ph(»s{)h(»lii)ides (jiluisphatidc.s). SOI. 

saliiratcd and unsaturatcd, 801. 

simple lipidcs, SOI. 

sj)l)irig{>myelins, 8(il. 

st(‘aric acid, 8<il. 

tri<j:lyccrides, HOI. 

waxes. SOI. 

St r ('holesterol. I'at. 
lapiodj)!, injection of. 
lapocaie, 80S. 

Lipoacnesis, action of insulin <»n. lll.l, 
LifKiid. >SV<- Lipidc. 

Lipoid iK'phrosis. Sa .\<'phr(»sis. 
Lipotropins (Lifxdropie fac tor), Sf>7. 
role of betaine. 808. 
choline (c/.e.), SOS 
lecithine, SOS. 
lipoea.ie. SOS. 
methionine. 807. 

Li(|uid parallin, absorption ol‘, S04. 

Liipior foilietdi, JOOO. 

Liver, 8ls- 8:u. 
adrenaline on, 727. 807. 
alkaline phosphatase and, 1002. 
anterior pituitary on, 8.‘)7 it -sec/, 
acute yellow atro|)hy, S.‘l.*l. 
anoxia on, 821. 
bile capillaries, 8111. 

f>ihi salt- forniaticm and, 71)7. So IJih- 
salts. 

bile secretion by, 7117. Sn Uile. 
biliary ob.stniction and, 804. 
bilirubin and, 188. ISH. 
blood coagulability and, 8,41. 
formation, 824. 
glucose regulated by, S.'?S. 

.storage in. 821. 

bromsul])hthaIein c.xcretioii tc'st, 8,40. 
ca}>ilhirie.s of, pnxssure in, 18. 

carbohydrate metabolism and, s.io it .sk/, 

ceiitralobular c ells. 820. 
cholagogues on, 800. 
circulation in, 818. 
cirrhosis of, 8(>il. 
complete extirpation of, 824. 

amino-acid and ammonia, S8t). 
hile pigment rnetaholism, S2r>. 
blood cliange.s, 824. 
carbohydrate metaholism. 824. 
hepatic, insullicieiicy. 820. 
hypoglyc.'vmia in, 821. 
in diabetic, 1)20. 
jaundice after, 82.‘> 
nilrog(‘iious inelabolJsm, 820. 
urea, 880. 

euinpusitioii of, 827. 

.0 


Liver, conjugation with acetic acid, S2S. 
with glucurcuiic acid, 828. 
glycine, 828. 
sulphate, 82s. 
cysteine on, S27. 
deamination in, SSb. 
detoxicating action. S2S. 
dicoumarr>l fui, 1.71. 
diet on. S27. 

Kek's li.stula. S2b. 

excretory failure, 8211. 

exlirpation. ])artial. 82b. 

extracts for haunorrhaizic anaunia, 21o. 

for pernicious aiucmi.i. lUS. 
fat metabolism and (//.c.), sr>b 
fatty, 821, 8G7. 

f'aij.scs of, high fa.t diet, Sb7. 
kwashiorkor. SbO. 
f>ancrcatcctomy, Sb7. 

.starvation, S(>7. 
clfccts of. SbT, 

<litfiise hepatic tihrosis icirrhosis) 
Sbb. 

lihrinogen formati(m. 147. 
llo(M*ulat ion tests, 841. 
functional cllicic.ncy tests. 821), 
functions of, 824. 
galactose tolerance test, 840. 
glucose i > glycogen in, 8,70. 

glycogen (v’c.). S47. 
luematinic principle in. IDS. 
heparin from. 114. 
ht‘pato-renal syndrome, S44. 
hippuric acid test. 840. 
horinoiU‘S on. 8,70, Sol), 
icterus gravis (acute \ellow alro|»liv), 
844. 

icterus neonatorum, 11)2. 
ill }iy]>cr1 hyroidism, 821. 

jaiimlice. 11)0. 
insulViciency of, 820. 821). 
insulin on. 1)14 rt st ff. 
ketogeiie.si.s in, 8(.»S. Stt Ketones. 
Kuptfer cells of. 187. SID. 
lipotropins on (7.'’.), S27, 828. Sti". 
macruphag(?s of, 8ID. 
ma.st cell.s in. 14;7. 
inethioniiK* on, 827. 
ncog hi cogen i^sis in (7.C.), 8,77. 
nerve sujiply f»f, 711. 
cestrugen metabolism in. lo7S. lOTD. 
oxygen .supply of. 820. 
parenebyinal failure, 821). 
plasma ])roteins and, 147, 824. 841 
842. 

portal obstruction, 822. 
portal venous jiressiire. 822. 

vein, 818. 811). 
protcetive function, 828. 
protein lack on. 827. 
protein metabolism and, 7 ./ . 
jirothromliin and, 142, 144, 841. 
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Liver, retl r<'lls hv, 187. 

fonufd bw ir»0. 
rfgeiu*rati()ii of, 828. 

roliition to reti\jii<»-eiKlot}u*lial sv.slfui, 
187. 

rt'st*rvt*, .828. 

.scloniuin uti, 827. 
scnsil)ility v>r, 7(*n. 

serum Mlluunin (oru-rtUiMtiou test, 8:U. 
storaire fuiu tiou, 821. 

St met lire of. Sl.s. 

syntliesis in. 821. 
toxipatliir hepatitis. S28. 
tropliopatliie hejiatitis. 828. 
urea ioruu*(l iu. 8S(i. 
vitamin-/v test. 8:>1. 
vitamins iu. .S'- \ ii.Mmin-,!. I). 
iveifrht vai ial iuus, .827. 

Loeali/.at i(»u <.tt’>t imiilu". .771). 

in reflex aetinu. ,7.*{»). 

Lociilation .symJnmie. 12'.). 

Loriir-eircuitiULT in relK-x artim) nielay 
paths), r»;il). 

Loop of lb.*nl<*, 2o. 

1 ..orain type, (tin. 

Loy\-t.-neri/y pho''[))i.iie homl, .8-11. 

Lower motor neurone, si;^ns of* <lis«*aM‘ of. 
00.7. 

Luetie eiirve, l;{2. 
laimbar pum t urf*. l.'Jo. 

Lungs, afferent filtre,^ from, :iS7, 747. S,/ 

X’a^us. 

oollap.se of. .SV/ (.'ollapsi* of hin^'^. 
diseases of. St.-n Kmphy.sema. Pneu¬ 
monia. J’nenmotliora.x. Kli. 
anoxia in, 447. 
evanosiK in, b72, 
dysyinrea. -irdi. 

^asffoii.s interelianjjes in, .Sbtl. 
heat hi.ss, Ififi, 

.sensibility of, 748. 

volume, .‘{8)2. .87/ lin'Mthine. ftyspinea. 
ne.>y»iratory etaitre. Kti*. 
Lutein, ldt>7. 
tumour, H)88. 

Luteini/ine liormom* (Lfl), J0S8. 

S(’(. tLjnadrdropliin. 

Luteoifl.s, 1877. 

Luteotrophin, 1 OS.'}. 

Lyrn])h, 18. S^c. 'fissue tliiid. 

fat in, 88.7. 

Lymyjhaties, 18. 
absoryition of fluid into, IS. 
olistruetion of, oalenui in, 118. 
Lyrnydioblast, 218. 

Lymphocytes, 218. Srr White hl(»od eor- 
pusele. 

dcxstroyed by tliyrnus, 1017. 
in thyinii.s, 1018. 

1 jvn ) phorvtosis, 210. 

of / ‘ere br OS] ana I fluid, L‘}0, 

Lymphoid tissues, growth eurve aud, 042. 


IjVsiue, S 77 . 

ilelieieney, 8vSl. 


M;nrophages. 187. 

Alaei'ophage system. .8er lletimilu-endo' 
thelial sy.stem. 

Maoida, 7!)8. 

Iiite.i liitres from, 777. 

Magnesium, iu intracellular fluid, 7. 

in yiia.sma, ti. 

suiphate, arlion mi g.ilJ-bladder, 802, 
method of d(‘termimni.r <‘ireula1 ion 
time. 28:}. 

Mai/e, relation to pellagra. h).'}7. 

Male sex hormone. Srr .Xmlrogens. 

-Malpighian torpiisi-le, 2.‘}, 22.’}. 

M.-iltase, 7!W), .S.'}.7. 

.M.iltose, s.‘{7. 

Mammary gland, looi. 

action (*f j)roge.sterom‘ on. h)02. 
of (estrogen (Ui. lo7J). 1002. 
flit uitary on. 100 4. 
prolactin on, 1004. 
siielvliiig oil. 1004, 
lliyroid on, !)70. 1004. 
at i>irtli, 1002. 

puberty. 1088. 1002. 
ean( t‘r «*f,' 1070, 1082. 
control of •levelopim*nt, 1002. 
dining pn'gnamy, J(.)!)2. 
formation of milk constitnent.s, lo7ti. 
iidlueriee of nerxa* siipfily, lOO.’l. 

placenta. 1002, 
in menstrual cycle, !o02. 

lactation, Ioo:l 

anienorrluea during. 1007. 

( 'a needs, 1000. 

iiifliiem e of hormones on. 100,'}. 
milk discharge, IftOI. 

secretion, lOO.’}. 
imlritional need.s of, 100.7. 
n71e of oxytocin, 1004. 

-terility during, 1007. 
vitamin requirements of, 1021. 
niyoeyiitheJiuin of, 1001. 
relation to iiteru.s, 100.7, 
secretion of, 100.'}. 

.stnief.ure of, lOOI. .87c.Milk. 

.Mammillary body, 880, 718. 

Marehi'H stain, 400. 

.Marrow, red. /SVc Lone marrow. 

Mass fMiriKtal.sis, 8L}. 
reflex, 802. 

.Mast cells, 147, 

Mechanical efnciency, and dyspruea, 477. 
in exophthalmic* goitres, 478. 
of muscle, 4,'}L 

Mecholyl, action on paiiereas, 703. 

.Miiekel's (sphcno-palatine) giiTigliori. 714. 

.Median eminence, 41. 

.Median longitudinal bundle, 597, 700. 
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Medulla oblongata, tiDK. 

fcritri's in, 01)7. 

MetlHilary aiiaHiiia, trllfcts dI', KM. 
from ciM'obral tumour, J^o. 

.sheath, 4Si>. 
striie, r»72, 700. 

Mejxaka i yoe\ tes, 10.7. 

.Me^filohiast, JOl. 

in |)('ri)i('ious anannia, 100. 

.Mei.ssiier s plexus, 711. 

Mehinin in skin, On?. 

.Mt‘lano]»hores, piluitar\ ami, 14. 

..Memhrana ^raiiulo.sa., lOO.j. 

.Menihrane oi' capillaries, penneahility tif. 
0. Srr (Capillaries. 

}Mjlarisc(l, 4S4. 
st«mijiermejihie, 0, 1.4. 

.Mt'iiiimes, arrans^erncFit of llN. 

.Mcnin;i:ili.s, et‘rehros|)iiial Hui<l in, l.*il. 

.Men iiejfo-vascular .'syphilis, cercOn-ti.'^piual 
lluitl in. 1.41. 

Menojiause, lOOS. 

^nmailoTrojihin in urine, lo^n. 

Menstrual cycle, action of (esiro^iens. |i»70, 
10.SL\ 

a.no\ ulatory, 107 l’. 
ereatine in urine. S04. 
tlistiirh.ances, o*stroi;eM t re.itment of. 
I0S1». 

experimental uterine hitsslinu;, l<t7i\ 
iniiihited in pregnancy, lONl. 
mainmarv ^dami changi*.'* in. 1002. 
mechanism of, 1072, 1074. 
menstruation, 1072. 
ovarian hormones in ui ine, 1077. lOSd. 
prerneiislnial (progestjitional) stage, 
1071. 

Iirogestt'roiic* ami, lOJSO. 
jirolifenitive .stage, 1000. 
relation of testrogen ami jiroge.steroiie 
to, 1072. 

temperature iluring, 472. 

.Mesentery, pain from, 7(»r). 

.Metabolic pool, Ho.S, 8.7“). 

Metabolic rate, determination of. 472, 47.7. 
elleet of exereise, 4vS0. 
food, ,480. 

faetors iriHueneing, 478. 
relation to bn^atliing, 404, lUo. 

to heart output, 480. Str Basal 
metabolism. 

Metabolism, endogenous and exogenous, 
800. iSVr Basal mrtnboli.sin. 
(Jarbobydrate. Diet. Kat-. 
rrotein. 

Metabolism of cells, study of, 004. 

examination of tissues and excreta, 0(M. 
experimental teebniqnes, 005. 
ist>lated and jierfiiseil organs, 005. 

.study of errors of in(d.a))olisiii, 005. 
use of i.Si3toi)es, 005. 
of modified metabolites, 005. 


Metabolism of cells, study of, use of surgory 
aml drugs, 00,7. 
of tissue homogenates, 0()(>. 
slices, OOti. 

Metalioliles, action on capillaiies, 420. 
on arterioles, 417. 
and li.ssue tliml Ibrimit ion. 20. 

.Melathromasia., 14.7. 

Metahypophyseal dijibetes. OlN. 

Metaproteins. 870. 

Metathyroid diabetes. uPs. 

Metlnemaibninin, 1^7. 

Mot lia-moglobin, 174. 

formation in blnmi, 440. 4")4. 

AlcthaMiioghiliimemiii. ascorbic afid for, 
4.74. 

Methionine, s77, S82. 

action of NC’lg (agcric) nu. Io.70, 
adrenaline foianation. 884. 
cbolim* formation. 8.S.4. 
creatine formatiuii, 884. 804. 
coii\ersiiiii to cysteine. 882. 

to homocysteine. 882. 
li])utropii- action, 8(57, 882. 
methyl donor, 807, 882. 
protective action on liver, 827. 
relation to canine hysteria, 1050. 
selenium poisoning and. 827. 

Methyl alcohol, ai idicmia from. 102. 
donors. 882. 
grou]»s. labile, 882. 

synthe.sis ol, 884. 
te.stusteroiie, 11 lO, fill, 
tliioiinieil. treatment of (Ir;i\ (*s' disease, 

ooi;. 

.Meto'.^tru.s, 1074. 

Micturition, 707 774. 
afterr division of syjupatlu lic. 771. 
injiirv to attiTcnt nervi-s, 771. 

sacral aiitoriomie. 771. 
traijs-seetion of spinal coni. 002, 

772. 

bladder!urinary), 707. 
aiirenaiine on, 707. 
alferent fibres from. 800. 
etierent fibres to, 712, 707. 
pituitrin on, 17. 
po.stiiral activity, 7(>8. 
response to streteb, 708, 7t)0, 
sensibility of. 704. 

sympathetic* .section and stimulation, 

707, 77J. 

cortical control of, 708, 771. 
enlarged prostate and. 772. 
ill ehildren, 771. 

emotional states, 771. 
lesions of pyranuilal tracts, 772. 
obstruction to bhulder, 772. 
tabes, 770. 
voluntai'v, 770. 

Midbrain, strueture of, 701. 

Milk, eolostrum of, 1005. 
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Milk, coiupositioii of, lOl*."). 

oonrlitions inlliienring, JOlM.i, 

olVfrt «)!'drugs. 

origin of ronstii iionts of. lUtMi. 
r.itioning jirningoinonts. I0()4. 
secretion of, loiu. 

S> c ,M;unM)ar\ gland. 

Mint*r;dnt ()rri*-oids, lioS. 

.Minnosuta cxixM-iniont i-alorir 

dolifiom V). In la. 

Mitral disease, pulmonarv <-irt\dati(>ii in, 
HOT. 

inromjM'tciKi*. 

• vanosis in. ta.’i. 
dvspno*a in. 4()U. 
ciortnicanlingrani in. -47. 

»‘\jK-rinuaital. «lMi. 
tinif (if Itackllovv. 
right vontrifular prcssiiic in. 
stenosis, JUT. 

S't- n<*art. 1‘ailurt'. 

.Monakow’s l>und)('. S< - 'I'ra.ct. rid»r<i 
.sjiinal. 

.M(in<»( \ t<‘s. iM l. 

de\ckipment of, 

.M(.)nogIy( erid(.‘.s, Mil . 

.Mriijoijuelear fa-lls in l»loo(|. lil t. 

in eeielirospinal jlnl<l, Kll. 

.Mti-s-s lihres. 000, 

Motor corttrx. S< t ('crt-lu-al ( ((rli's. 
nerves, alforent in, aaO. 

chernioal trun.sniittcr. .M.*V 
condnction rate in. 40J. 
sliinnlati<»n of. 4(S<S, .vy .Mn.sih*, 
skeletal. 

neurones, diseliargi- rate of, at], 

04S, N( / J leflex Action, 
point. aOO. 

unit, properties of. 400. 

.Moinilain siekness. >7/ Anoxia. 

Mo\erneiil. antrjmatic. 047, 

rellex. Sn Hejl<‘X ac tion, 
voluntary. .sVy X'oluntary mo\eiiient. 
.Mo\ <‘tnents (»f cof>jx-rat ion. Oa'J. 

.Mucin, 77r». 

M iiefi-jjoly.sacc.iiari(.i('.'^. S.'JO. 

.Midler s muscle, 70JS. 

Iluid, IttN. 

*■ .Mu.^earine ” action of ac<‘t^>'lcholine, 7ISi. 
Muscle, cardiac, Srt Heart inu.scle. 

Muscle, skeletal, aeetylcnoline as ti;iii> 
milter to, all], 
iwtin a.ml a<rtomyosiii, 420. 
action of aceivlchtilitjc, 427, .714, 

721. 

adnaialiiic on, <721, 727. 
jintieliolinestcr{i.ses, 51.7, 
hotidinu.s tf)\in of, <717. 
etn’tisone, 002 . 
ciirare , ;702, <710. 
e})he<lrine, oIO. 
eseritio, <715. 


Muscle, skeletal, a(4;ion of potas.sium, <717. 
jirostigmim*, <700, 515. 

({uinine, <721. 

action poteriti.'ds in, 427. 5(>2. 
adt'ijosim* triphosplmte in. 427, 120. 
jidrenal <‘orte.\ i»ml. 0.7ti. 002. 

<ej-ohie (a)!il ra<'tion. 420. 
atVereiit iinpid.ses fiom. aitt. 

nerve endings in. <710, .717. 

■■ jdl-or-none " l<iw. <70.7. 
amerohic contraction. 420. 
asynchrojidus stimtil.itian af, .701 
<7S2. ;7S.7. 

hlood vc'ssel-.: of. .‘JOS, 

OIucmI lie »\v eliatigcs in exerc isc. 4 11>. 
cariiosine in. 427. 
cliiunistry of. 120 c/ st-j. 
cholinestcni.sc in. .714. 
ehronaxie t>f, <707. 
con.stit nent s, 420. 
cf>ntr<iclion of. 427. 
eotd met lire. .712. 
eriMtine in, 427. 
er<*atine pliosph.itc* m, 427. 
d(.‘m*rv<ited. .705, .70.7, 
exeitahility of. <700. 
dors.al root stimukition on. 721. 
electrical » hiingcs in. 127, .702. 
end pl.ife potent i;tl. 427, .712. 
hitigue of, 451. 4.’>S. ,7ot, ,72L 
lihrilhition, .705. 
glyi ogen of. 420. 420. s57. 

Iiejit pr(Mluetion in. 42s. 4.‘>l. 

M ^ ion tMim ent r.at ion of, 450. 
ill fiimilial periodic paralNsi.'^. .7itk 
m\ iisthenia gr<ivis. 517. 
myotoniii ei)ngenitfi. .720. 
iM>metri(.- contmetion of, 427. 
isotonic eontradion, 427. 
hictic acid in, 420. 
m(M'h;iiiic<d c.tliciency, 451. 
irndor unit, 400. 
myosin, 420. 

oMlermi of, in e.xercj.sf. 10. 
osmotic pressure eluinges. 150. 
pluxsjifi.-igeii in, 427. 
protein.s in, 420. 
m.te ol'stiinul.'ilion of, 5(Mi. 
react ion of degenem.lion, .707. 
red and p<ili.*, 5H7. 
refractory period of, <700. 

Sherrington phenonuuion. 721. 

.sj»ike. ]>otenti(ii, <702. 
stimukition of, 400. 

.strength of stimulation of. .700, 
.symp<itliefae and, <721. 
tension developed, <700, <70.7. 
tetanii.s of. 500. 
ti,s.suc fluid foruuitiori in, l!h 
twiteh, 400. 

work of. 451. Stic. Museular exercise 
Muhcle tone. 



INDEX 


11 (i *> 


;V<7, 

Muscle tone, r>s2. 

aft«T lesions. Till. ri42. 

trails s<'( tioM of coni, riSi’. 
ol' lirain slein. oS,*{. 
altitudinal refloxes. ."ilM). 

(‘(•r(‘lM>llnni and. (iOli, tlOT, tios. 

I orjius si rial nin and. 

(ilin* ly|M* t in ployed. 
in a rlcrioles, f/.r. 

Idadder. 7tiS. 

< ardiac spliineter. SiHi. 

d<'eerel»rali* riL'i<lity {•/.>'.). os:i. 

dei'firticali'. .V.tL\ 

dorsal root le^itais. ."iS.’i. 

sleep. liSo. 

spinal animal. oSil. 

stomaeh. S(»l). 

t a lies, oil I . 

veins, ff.r. 

laliv rintlmie relieves, all I. 

leiiellienine reaetion. .7Mi. 

low nielaliolisin. oSO. 

neek retle.ves. 

optie ri;:lilin^ retle\e>s. 

positive support ini.'; reaition. .7S!!. 

pyi’amidal traits and. <>11, <»!-. titt). 

?‘e>l niK lens and, oS.’i, .Ml.'k 7<d. 

regulation of, otck 

riLdlline; reileves. .‘iHli. 
seemeiital static ri'aclion. o!Mi. 
shortenintr reaction. aS<l, 
static reai tions, otM). 
streteh ri'tie.ves, .“>S|. 
synipatlii't ic and. oL' I . 

II n fat i^Mialiility..oS(i. 
vestiliiiie and, oSo. (i(t|. 

Mnscnlar dvstropliv in rat. from \ itaniin-/'.’ 
'laek. i6s7. 

Muscular exercise, 42(i 44J. 
acidicmiii in. 441. 

adrenaline secreted in, 4.TI. 7.41, 7.4L’. 
alactic at id delit, 41111. 

Iilooil tlow in muscles, I’Sti. ,4t>s. 4.42. 

Mood pressure, 4.45. 

blood reaction, 44<). 

ca])illarieK in, 420, 414, 445. 

circnlatorv ehangiis, 442. 

coetlieient of utili/.ation of oxygen. 414. 

coronary circulation, 2.4S. 

dyspmea, 44.1. 

eiVect on How of urine, 54. 

on S.A. heart him-k. 25^2. 
excess metabolism of, 4.4t>. 
fatigue in. 44S. 
beat exebaiiL^e in. 442, 
in heart failun'. 4(il. 
laetie ariii, 44S. 
iiaM banical cnieiemy. 4,41. 
mixed venous blood in, 447. 
output of heart. 280. 444. 447. 

(>xyg(u» eon.sum]>tion, 44(i, 


Muscular, exercise, 'b hi. i;;5. 

pulmonary \ <‘iitikai>ai, 4.S!l. 
rate of heart. 272, 444. 
ref overy fmm severe. 4.40. 
redistribution of blood in. b4J. 
respiratory ebanges. .4S!i, ;;I7. 

rpiotiiait of. .47 I. 447. 
rise of tem]»era1 un*. I!* I, 172. 

.second wind, 412, 

.stiffness of muscles, lb. 

sweating, 442, 475. 

ti.ssne fluid e\« liaiigcs. 10. .420. 4.4 

varieties af, 445. 

venous return in. 1.44. 

<S7c Mus(‘le. 

Myasthenia gravis, 517. lo17. 

action of epliedrinc. 5lit 
of potassium. 510. 
prostigmiiu*. 51s. 

Myelin. 482. 

Myelobla.st, 210. 

Myelocv te. 21<>. 

.M\ent<*ric plexus. 714. 

Myoba im>globiri. 201, 

cru.'ifi syndrome and. 444. 
in muscle libi‘c.<. 5s7. 

.Myosin. t2<>. 

aiul mu.sclc (-out met ion. 427, 
mb’iiosine trifibospbafc. 427. 

.Myo]mtliy. cans(‘d by vitamin-/7 lack. S04. 
< realine in urine in, 804. 

Myotatic reflexes. stn teb rellexes. 
Myotonia congenita, 52o. 

tpiinine for. 521. 

Myxeedema, 082. 
ameinia in, 104, 084. 
basal metabolism in, Os.'i. 
blood cluinges in, OS I. 
heart in, 0vS5. 
thyroxine for. 077. 

.\apbtboquinones. relation to vitamin A', 
151. 

Nc< k reth'xe.s, 501. 50.4. 

Neerosin, 224. 

Neoglucogenesis, 857. 
control of, 858. 
in diabetes, 857, S5S, 020. 

fasting animal. 857. 
role of b]«KMl glucose level. S5S. 
dial)et»)genit' factor, 850. 
insulin. 850. 
liver, 857. 
sympathetic, 850. 
srale of, 857. 
soiiiacs of, 857. 

aiiiino-aeids, 857, 858. 
fatty acids, 858. 
glycerol, 857. 
protein. 857. 

Nephritis, 74-70. 

acidaunia in, 7<i. 
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Nephritis, rhaimfs in. 

])n'ssinv ill, Td. 

Mood volunu* in, 8(i. 

('lieviU'-Stokfs Inviithin*; in, 77, 4(i'i. 
dyspno'a in, 7d, 4r>(i. 
chronic no])lirit.is, 7d, llo. 

0 ‘dcnia in, 7.”>, IJo. Set (l^dcnift. 

tot any in, 1007. 

nrannia in, 7.7. 

urine in. 75 i t stti. 

varieties of. 74 75. 

Ne]>hron, ’2'A. 

Nephrosis, 75, 1IJ, 
oedema in, I 1 l\ 

plasma chaiiLn's in. 1 i^l. 

>ediinentation rate of rrd corpuscles. I7.‘t. 

1 reatment of. 1 111. 

urea clearance test, ll.’l. 

urea concentration tc^t. I la. 

urine in, 11.‘{. 

Nerve, aortic, q.r. 
auditory, 57*J. 
cells, nietahfilism of, 4!»1. 
struct un* of. ls:J. 

ventral liorn..S'< IJeflex at-tion. \ entrnl 
horn cells. 

cliorda tyin[)ani, q.>\ 

< ilifiry, 70S, 715. 
coclilear, 572, 000. 

«lepre.s.s(»r. Sit .Aortic nervt'. 

endings. Sn Heceptors. 
erigens. 712, 1104. 
fibres, 4S2. 

aeconnnodat i*»n o|, 404. 1001. 
action of (.'a + » »n, lOOl. 

narcoti< s on, 480. 
adreneriiie. 50S. 
after-potentials. ISO. 

■■ a.ll-or-none " law. ISO, 
chancres during activity. 400. 
cbolinertjic, 508. 

<dironaxie of. 1011, 

cutaneous, eflV'cts of section of, .7.50. 

recovery of function, .750. 
defreneration of, 407. 
effects of section of, 404. 
electneal chanfre's in. 4S5. Srr Action 
potentiHl. 
t*le<;trotonu.s, 4S8. 
excitability of, 480. 
functions of, 48,‘{. 
heat production in, 401. 
impulse, 4811 rt ncq. 
injury jadential, 484. 
i.scbiemia of, 751. 
rnedullated, 482. 
metabolism of, 491. 
noii-medullateil, 483. 
refrairtory perirxl of, 490. 
regeneration of, 496, 5.77. 

Schwann cells, 483. 
staining n^actions of, 498. 


Nerve, fibres, strength-duration curve, 493, 
structure of. 482. 
varieties of, 492. 

Nerve, fifth, 56.3. 5S1, 702. 
no taste fibres in, 581, 
foiirtli, 703. 

glossopharyngeal, 564, 714. 
hypogastric, 707. 
by p‘»gl«>s,'^al, 60S, 
intermediii'^. 581, 715. 
lingii.il. .781. 

<»cul<»-niot()r. 703. 
ri])tic, 574, 
presacral. 7l0, 767. 
seventh, .764. .781, 600, 714, 
sinus. St r ('a rut id si'ius. 
sixth. 70.3. 

spina! a< < »*ss«>rN, 60S, 
splanchnic. 7lo. 730. 
third, 703. 
vagus. 7 .r. 
vestibular .707. 700. 

Nervuus impulse, 483 d srq. 

Neurilemma. 483. 

\»‘iirolihrils, 48J. 

Neurogenic (l\>pn(i*a. 460. 

Neurone. 4S2. 

Neuronography {physiolugii al). til6. 
.Neutral fat, 861. Si v Lipides. 

\K(’ (non-fat calorics). h>2.7. 

Nicof inainide, ltl2(). 

Nicotine, action of, 715. 745. 

Nicotinic acid. Nicotinic acid amide, Nico- 
tinamidi*, 102f>. 

»‘«MTiz\'nie 1 {(’o-l), 1026. 

IKCo-ll), 1027. 

dij)ho.spho|)vridine niicleotifle (DIW), 
1026*. 

role in tissues. 1026. 
soun e.s anri re<pjirements, 1026. 
synthesisiMl in intestine. 1026. 
triphospiiopvridine nueluotub^ ('I’l’N), 
I026.‘ 

u.se in |w*llagra, 1037. 

in psychost^s, 1038. 
vasodilator action, 1038. 

Night hlindnes.s, dark - adaptation t(*sts. 

1022. 

Nissl granules, 482. 

Nitrogen, effects of breathing, .398. 
poisoning, 426. 

relation to ra.is.son riisea-se, 425. 

.solubility of, 366, 425. 
trichloride (agened, action on Hour, 105th 
Nitrogenous constituents of urine, signiii 
<*an(‘e c)f, 891 rt itrq. 
equilibrium, 901. 1048. 

balance, negative and positive, 901. 
in starvation, 901. 

undernutrition, 1048. 
rftle of essential a mi no-acids, tMK{. 
rete.ntion, 904. 
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\itrosol)}j(‘illus, irM. 

rliytlmi (fanliac irn|iiils#' arisiiitr in 
A.V. nodr), 2K<i. 

I iilorics (\R‘), 

Xoinic-Apcll. rrartinn, 

\on-|)rotrin nitro;'rn ol' hlood. 72. 

» 1. I’cji. I'ric ju id, 

.\<n-adrcii;dinr. 72.’{. 721. n. I. 

XorrnoMast. h>4. 

.\o-t lirrslioid liodirs. 2!*. 

.Xuvirmlin, 11.7. 

N’ncicif* arids, S7S. 

Nucleoproleins, s7s. s;7‘.>. 

N'ucicosido. S7S. 

\ll< lrnf ides. S7!l. 

;n li<»n in .mrannliM vlosis. 222. 

on marrow. 220. 
as corn/ynK's, 1020 tt sn/. 

Nucleus amliii:uus. <iOs. 712. 

randatr. 1121, ♦)22. Oi.aO. 0<il, r»7o. 
coi liirar, o72. 

I'lnu'atu.s, .702. 
hrilrrs'. .707. 
drntatf, 00.7. 

•■jfvrntli. OOS. 
rmOolit'ormis, Ofio. 
lastiLrii. 0(0.7. 
lilHi. 702. 

;Ldol)((sii.s, 00.7. 

Ldohu.s pallidn.'-, 0.70. 
jirarili**'. .702. 

Iiy porlossal. OHS. 
liypothalainir. 710. 
intrrralal us of Stadt'rini, 712. 

Irtit irular. 050. 

inntli (j 2 ;losso-pliarynj£i‘iil), OHS. 714. 

orulo-inotor, 7o;i, 715. 

olivary. 007. 

paravrntricular. 710, 

pnnlim*, 700. 

red, 701. 

retirIliar, 702. 

roof, of rcrrOrlluin. 005. 

.salivary. 714. 

.seventh (facial), 000, 711, 
sujira-oyitic. 42, 47. 710. 
thalamic, .704. 
tractiis .solitariu.s, 712. 
tuheralis, 710. 
vaj»iis, OOS, 712. 

Ycstilmlar. 507. 

Nutrition, ])rinciplc.s of. 104.7 r/ .vrv/, Src 
10(1. 

Nutritional (famine) o'dema, 115, 1U47. 

Nystagmus afO'r llarany's test. 0()|. 
after OAtirpation of vestihnle, 001. 
ill ccreheJIar lesions, 000. 
reciprocal innervation in, 001. 

Obesity, hypothalamus and. 71.S. 

Occipit^ lobe, functions of. 570 rf Mfif. 
stinuilation of, 037. 


Occipital lobe, stnictinv of, «;i.7. 

Ocelu.sion. 510. 

Oildi. sphincter (jf, StMt. 

(Edema, 1 lo I is. 

;ifter pla.'^maplicn-sis. 114. 

aneiiint of eMidate neeessar\’ to produee, 

no. 

eapillary penrieahility and. 110. 

cardiac,' III. 

elinieal. 115. 

experimeolal protein deficif iiey. 1|5, 
famine (hiiiiL’er). 1047 rf snj. 

Krencli famine (nf ls|7). lOIJO. 
in heri-lieri. 110, 

eah»rie detii-ieii( \ . lO40. lOlT. 
intlammatory. 222. 
i\'mphaT.ic ol)>l nn t ion I 10. 
thi.imine delieii*n< y. lo.'M. 

\* ?nius oh"!nn li»(M. 111. 

N'itamin /.>-detieieni \, 10:i2. 

N’a-t' retention. 112. 
nutriliinial. 115, 1047. 
rai>e'l venous pre.^^u^»•. 111. 
renal faet<tr. Ill, 

mus.-lc ill r\en i>e. 10. 

pulmonary, I H*. 

anoxia in. 117. 
ean>>e.s of, 117. 

eirenlalory failuri-. I IT. 
inerea.sed luilmonary capillary 
iHTmcahility. 117. 
ma>.<ive intra xenons .sdine in¬ 
fusion. llS. 
nenniin idt, 117. 
renal, 75. 112. 

in ehronic ni'plnosis. 115. 

type 1 nepliritis (.leute ^loniendo- 
nephritis). 115. 

type 2 nejilirit i.s inephrosis, //.r.). 112. 
(Ksopiia.iio-salivary relh'.x, 771, ii. 7, 
(Esophagus, and deu[liitition. S05. 
eardiae sphineter of. SOt), 815. 
in vomiting, SI 1. 
nerve snpjjly of. SOO. 
peri.-ital.sis in, .sOT. 
seiKsihility in 7()2, 707. 

(Estradiol. 1070. 1077, 107S. 

(Kstraiie, 1075. 

(Estratriene. 1070. 

(Estrogen xvithdraxval bleeding, 1072, 1070. 
(Estrogens, 1(J75. 1077. ^S’.•r Ovary, 
aetions of. 1070. 

^•anee^ produetion, 1070. 
in pregnancy, 1077. 
on breasts. 1070. 10S2. 1002. 
pituitary. JtlTtl, 10S5. 
prostate. 1110, 1117. 
se.vual skin. |070. 
uterus. 1072, 1070, 1001. 
vagina, 1070, 1082. 
activity of, 1070. 
artiJicial, 1078. 
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GSstrogens, eluMuistrv <>i’. 
for amciiorrluva, lOS’J. 
jitrophir rhinitis, 10S2. 
dehived jnilH'rlv, IdSJ. 
kraurosis viilva\ 10S2. 
menopausal symptoms. I0S2. 
menstrual disturlianre, lOS-J. 
prostatie can inoma, II Hi. 
prostatif hypertrophy, 1117. 
vaLunitis. l(tS2. 
in adrenal rortex, tIoS. 
corpus luteum. 1077. 

(Iraalian follicle, 1077. 
urine, 1077, J0S7. 
liver and, J07S. 
metabolism of, 107S. 
methods of administration. I07S. 
relation to menstruation. 1070. 
rt'.stru.*^, 107!). 
j)arturition. lOOl. 

.sources of, 1077 
.stilho’strol. 107S. 

.synthetic, 107S. 
therapeutic u.se of, lo82. 
tKstriol, 1070, 1(»77, 107^. 

(Estrone. I07t), 1077, I07S. 

CEstrous cycle, 1071. 

recf)'jnition Ijy vaginal smears. |074. 
vitamin-vl am I, 10S7. 

(Estru.s, 1074. 

-f)rodu<‘injLi substances. 1077. 

Oleic acid, SOI. 

Omonieter, 110 "). 

0 ])tical riuhtiric retlcx(‘s, r)!i:i. 

Optic ehiasina, 7)74. 
nerve, 7)74. 
traet, 7)77). 

pathway, It'sioii.s of. 7)S0, 

()rb<*li phenomenon, o^l. 

Orcan of (.'orti, .“)7.*1. 

Orpism, 110.7. 

Organism, 110.7, 

Ornithine, S7S. 

Orthopruea, Kil. 

Osrnie acid, .stain for nerve tibres, 4{)S. 
O.smolaritv. 21 ). 

Osrnoreeefit.ors. .71. 74. 
adaptation, 77. 
permeability of, .74. 

Osmotic pressure, 1 :i-1 fl 

ervstalloifl, of y)lasma, regulated by 
kidney, 22, 71, 7.7. 
water rlrinking and. 70. 
mea.surement of, 14. 17. 
of active rniisele, 47(». 
metal)olit(?s, 20 . 
plaama, 14, 73. 
plasma proteins, 17. 
urine, 29-31. 

relation to tis.sue iluiri exehanges, 

18 

Osteitis fibrosa, ](K)8. 


Osteomalacia, 1012. 

Osteoporosis, lOOS, 1072. 

Otie ganglion, 714. 

Otolith organ, 797. 

mode of aet iori, .7!)7. 
po.stural reflexes from, .791, 7)!)3, 002. 
.SVr X'e.stibiilar u f)paratu.s. 

Ovary, 1007 1080. 

active ])rineiples. 1077. 
adren.d eortex and, 97S, 
eorpus Iut(‘um ( 7 . 1 .). 100<). 1079. 
eyelic ehaiiges in. 1007. 

cont roi of. 1083. 
extirpation, lOOS. 
functions. 1007. 
iromnlof rophiiis on, 10S.3. 
grafting. 100 {), 
interstitial c«*IIs, 1007. 
meimpaiise and, H) 0 s. 
numstriial cycle ami ( 7 .C.), lo72. 
<estrogt*ns (f/.r.). 1077. 

• e.stnujs cycle and (f/.r.), 1074 
ovulation, loOO 

ndation to safe p<‘riofl. 1000 . 
pituitary and. los.3. 
progesterone (»f ( 7 ./*.). 1077, lOHI 
puberty and. 1007. 
relation to breasts, 10 !) 2 . 
to parturition. 1091. 
pnrgnaney. 1080. 

.strm tiire of, io07. 
thyroid .and, !).S 0 . 

Overvimtilation. alkahemia from. lOl. 
re.s])iratory cpiotient (‘hangr's, 374. 
voluntary, 5)8. 400. 

Ovulation, inhihited hy proge.-=terone. | 0 S|. 
time f>f, HmW). 

Oxalate ami blood clotting, 140. 

O.\aloa< etir acid, 873. 

relation to citric acid eyele, 871. 872. 

Oxidation, biological, by hydration and 
dehydrogenation, 840. 
carbohydrate dissimilation, 840 c7 firr/. 
(’Og fornmtion. 870. 
coenzymes I and II, 840, 848, H72. 874. 
<-ytochrf)me, 874. 

oxidase, 874. 

(Jecar bo \ylation, 870. 
electron tran.sfer, relation to oxido- 
n^diK'tion, 874. 
energy transfer, 841. 
enzyjne .system.s, 840. .S '»7 individual 

siibstrates. 

fat dissimilation, 870, 872. 
tiavoproteins, 874. 

high and low em*rgy phosphate 
bond.s. 841. 

hvflrogeii aeeeptors. 840. 
r 6 Ie of water, 840. 

tricarboxylieaeidfKrebsleyele, 870.871. 
union of 11 with 0 to form water. 874. 

Oxidative enzymes, 1027. 
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Oxycorticoidh, !)r)S, 

Oxygen caimcily, 410. 
carriage in blood, 400 414. 
coffTirieiit of ut.ili/.alion of. 41.‘5. 

• onsntiijdioii, (IctcrMiiiiiition »>!', ttT'J. 

ill rxorcisc, 4.‘10. 

• ontcTit. (4’ l)I(»)(l, dctcr/ninntion of, 410. 
< 1.4)1, 4110. 

(lissociatioi) .Mirvt* of hl.io.! for, 400, 1000. 
('Xfcss, .‘ffocts of, 40.‘». 
for CO ])oisoninL^ 4.‘»n. 
cyanosis, 4r>:^. 

intcn4ia.n;ics in Iiiiilts, OOT. 4 14. 
in placenta, 1000. 
tissues, 4111. 
la. Iv. iSV'. .Anoxia, 
soliiliility of. lUJI). 
tension, in alv.*oIar :iir, 1104, 400. 
in hloo.l, 307. 400. 

vt4oeity (jf oxi.lati.ui an.l, 412. 
nnsaturation an.l ey;irio<is. lol. 
O.\ylia-moc|o])in Sr/ M.-einoirioliitt. 

stronsrer a. i.l than re.ln.-eil lia-inoirlohin, 
418. 

()\ynl ie cells. 77Si. 

Oxytocin, 4.7, Tm. looi. 


“ 1^ ” (pa.in-])rrMln('in^) factor. 7.71. 

P wave, ‘JIT), 247. 

after c\tir|)ation ofS..\. node, 24.7. 
in auricular extra-systole. 2S7. 
auricular lihrill.it ion. 247. 
chest leads. 247. 
mitral stcMiosis. 217. 
nodal rhythm. 280. 

*S..\. luvirt hlo< In, 2S2. 

Pacchionian l)f)dies, 1211. 

PacTinakcr, 24.7. 

Pacinian corf)us( Ic, .747. 

Pain, r>4s, .7r»;i. 

action potentials set up hv. .7ru7. 
affective component, ooo. 
anginal, 7.70. 
cerebral eortt'x and, r»71. 

(‘omplex. .7r>r). 
floll hie. 0,74 . 
fast and slow, .7i74. 
fibre ty])es. .7,74. 

in arterial embolism and thromhosi.s, 7,72. 
eoronarv oecliision, 772. 
inn.sel(‘s, 771. 
skin. 74.8, 7711. 
isi'haunic, 770, 7,71. 
localization, 771. 
nerve endiiig.s, 748. 

])atli of, 770, 778, 703 r/ srq. 
prepotence of reflex effects, 777. 
referred, 748, 770. 

seiisihiliiv in disea.se, 777, 760. .761, 767. 
.speeifie (pialily, ,7,78. 
stimulus, ,77,8. 


Pain, thalaimis and. .7ti7. 771. 
visceral, 7.7o rf srq, 

Sre individual orfrans. 

Painful feet, PH{I. 10117. 

Palmitic acid, ,861. 

I^alpatory mcthufl of d(‘tcrmining the 
blood ])rc-sur(', 1100. 

Palpitati«»n. 772. 

Pancreas, discasi' of. 702 . Toil. 7t)7 
extirpation of. 7011. 00!t. 
fibroeysti(r discas** of. 707. 
fi.stula of, 700. 7011. 
insulin from. 010. 
islets of Ijaiicerlians. OltO. 
liLTalure of rlncts. 000. 
nerv'e supply, 714. 70tt. 
ndalion tn dialaOes mcliitns, OIS rt srq. 

secretion of, 700. 

acid in duodenum. 71H. 
a< i(l tide durinir. 00. 
action of mecluilyl. 708. 
alvt‘olar (.8)j> fall fliirinir. 807. 
bile .salts {iiid. 701. 

<4iemical ])hasc. 700, 
diet and. 7161. 

liistological changes (luring. 700. 
in man. 708. 
nervous phase. 700. 
pancreozymin and. 708. 
se« n“tin and, 702 
.secretin test. 702. 
vagu.s and. 700. 
sensibility of. 760. 761. 

Pancreatic juice, eoliection of. 78o. 
composition of, 107, 700. 
functions of. 700. 
lipotropic action of. 868. 
result of ah.sence. 708. 

1 *am*reo/ymiii. 7!>8, 

Pa.iihy|K)[)ituita.rism. tKlO. 081. 

I^intothenie ;icid. 1020, 1028. 

PajM'r eliromatography, 807. 

Papilhedema, 127. 

I*aralysis agitans. 677, 660. 

I’araplegia in extension, 604. 
in tlexion, 601. 

I'arasyinpathetie system, 707. SVr Auto- 
nomie nervous system. 

i’arasympathetie transmitter, 710. 
Parathormone, actions of, l(K)8. 
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renal tnhule.s. 1004. 
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changes in urine. 1(4(48. 
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toxic action of, 1006. 

Parathyroid glands, 1(4(42. 
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structure <»f, IdOii. 
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I'aretit- (*urve in cerel^ros]iinal Iluid, 18-. 

I’arictal lobe, functions of, oTT. 
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Parkinson's disease, 

experimental, tioif 

]’aroti<l eland, 774. 

Paroxysmal dyspmea. 4<io 
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ta('hycardia. iMtb. 
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Pentose. 845, 830. 878. 

Pepsin, 77(5. 
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Peptic ulcer, 7(54, 781. 
pain in, 763. 
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Peptide bond, 87(3. 
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shock, heparin secretion in, 145, 
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Peripheral circulation, study of, 404. 
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Peritoneum, sensibility of, 755, 756. 
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*hiorid/.in, u< tiou on kidney, 29, 42, 46. 
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MMrlooprolf ili, S7S. 
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luteinizing hormone (LH), 1083. 
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relation to ovary. 1083. 
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urine flow, ol. 
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931. 

control of, 931. 
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108.7. 1114. 
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nervous control, 931. 948, 1081. 
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Pituitary gland, antidiuretic hormone (v.r.), 
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kidney. 47. 
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oxytocin of. 47. 7.7. 1091, 1094. 
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nervous control of, 47. 
results of deriervatiou. 47, 4S, 
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parturition ami. 44, 1091. 
pituitrinpost-pituitary extract. 47 
portal circulation of, 931. 

Sinimonds' disease, 930. 

structure of, 41. 

tumours of, heniianopia in. 7S0. 

Placenta, formation of, 1080. 
gaseous exchanges in, 1099. 
gonadotrophin from ( 7 .C.). 1084 
mstrogen from. 1078. 
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«oiK'entraled, fnr raisrd intr;)- r;unal 
])ressnre, ll’H. 
conditioned, 1S1. 

crystalloid osmotic pressun- (jf. in watiT 
fieprivation, 0»i. 
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water drinking and. AO. 
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shock. .*144. 
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toxic action of, ISA. 
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infectious dis^atses, 1,37. 
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mohM'ular weight. 134. 
origin of. 137. 
osmotic pre.ssure of, lA. 
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function, 832. 
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172. 

salt precipitation, 133. 

.sedimentation, 1.3,3 

tissue fluid formation iinrl, IH. 

vi.scosity, 13A. 

Plethysmography, 304. 

Pleura, .sensibility of, 7.A2. 

Pleural iravity, absorption of fluid fror!i. 

21 . 

absoii)fion of ga.s from, ,37i. 

Pieiui^y, pain of, 754. 
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cyaiiosi.K in, 4At. 

I*neuriu»ta\ic centre, IhsO. 
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absorption of gas from, 371 
anoxia in. 370. 
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functions of, 070. 
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ui collapse of lune, 407. 
eniphyseina, 407, 4."iM. 


Pulmonary (M'nnilation, in heart failure. 117. 
ill mitral ili.sease, 2M7, .407. 
ii'dema, I 10. 
steno.sis. 4.7.4. 

ventilation, measurement of, .472. Su 
Ih'eathini;. lamijs. 

Pulse, anaerotii'. 202. 
arterial. 201. 
i-afaeiMtie. 2<*2. 
eollapsinu:, 2MS. 
diemtie m»h’h and wave. 202. 
jumilar venoii.". 2.*)M. 
pressure. .401. 
railial. 202. 

“ w ater hammer, 2MS, 
wave, veloi-ity of. 202. 

relation to elastieils uf arteiies. 2ti2. 
I'uneture (piijurel glyeo-iina. SOO n. 2, 
Pupil, aetion I >f ailreiialine on. 72M. 

Ari.'\ll lioheilsMM. .77!t. 
iviebral eorte\ and. o7!i. 
m eonv<T'_renee-aerommodal ion reai lion. 
r>7!f 

Horner’s s\ndrom*‘. 7 ms. 
liLdM lellex. .’)7S. 
nerve '-iippiy of, 7Ms. 7 
Niiperior eollieuli and. .”>7b. .77s, 7M2, 

7MS. 

Purine, -hTs. .sm.'>. sMt'», sm7. 

metaboli^M). SMti. 

in Liout, SMS. 

>oiir« es of, SMti, 

"V nt liesi> of. S'.tT, > 1 ' I l ie .\eid. 
I'urkinj*.* eell.o ot rer'fbellum. 0M.7, 
hbn*s, 2.44. 

tissue. pro[>eities of. 2.4.7. 

Purpura, 177. 

at hromboeytopeni* . i.7M. 
bleeiliiii; time in, J.7.S 
bloofi platelet.H in, l;7M, 
eapillarv resistaiiee in. I,7H, 
eoaLMdalioii time in. 1.77. 
in ■'hyiKTsplenism," l.7!i. 
skin inii’rosi’opy, 1.7S. 

.'pleneetom> for. 1.7M. 
throiubopfMiie. 1,7M. 

J’litainen. 0.4t>, Oofi. 

Pvkma.sisin developiiii; red hlood eorpiiseles. 

ior>. 

Pylorie elanris, 77.7. 
uastriii from, 77M. 

Pyloric obstruction, blood ehanees in, io.7. 
test meal in. 7H4. 
sphincter, sio. 

in aehylia ^mstriea.. sms. 

vomiting. Si I . 
iKM ve .supply of, 710, 711. 
rellex <ontrm tion oi', H|0. 
stt'iiosis, 7 S.4. 

liyjiertrophii-, HIO. 

f*vramidi'tl cell laviTs of eerebni.1 cortex. 

i;i4. 
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Pyramidal tracts, i of, 

(Icciissation of, OltlJ. 
lihrf* (liiiriJotcrM, 
fiiMctions of, (>U (7 

lesions of, in apos, 
in man, G4I. 

iiiiilatrral (In'iniplejiia), (i42. 
ankl<“ < lonns, Till. 
a^.sl^(■iat^■(l i’»*jic1 ions, 

iJalanski's si;:n, 04 J. 
lila»l<U*r syniptonis, 772. 
rlinical comlitioiis witli. (»4I. 

rniotiniial nto\rniciil.-^. t)42. 
ryvOall ni<.>v<‘nu‘nis, 042. 
niusrlr torn*, (ill, (»42. 
sia^^‘ of ii-i-oviTv , r»42. 

.•^liorlv, 012.* 

siipt-rlicial if*fi(v\»-s. OJJ. 
vuhinlarv nio\riiuaits, (>3‘.(. 
«>rj,Lnn <»f. 020, (.i.‘)2. 

I’yranosc rinu', ^l 1. 
r\rr\ia. ISO. 

Pyrexial treatment, 470 n. 1. 
l*\ riiloxinc, l(»20, 102s. 

I’vriniidiiu* bases, S2S. SOO, SOS. I02.‘». 

Pyruvic acid, Sis, 87,1. 

ac«unmlatinn in thiamine Oetieieiu'V, 
J((20. 

fMinversion to laelii- acid. StO. 
(iissimilatIon of SoO. 
fate of. S40. 

formed Irom irlven;jen or <;lu< ose, S-17, 
840. 

laetie arid. Sit). 

reeonversion to ;:lu((»se or ^lyeo^ren, 

8.“»2. 

relation to rilrie at id t yele, vS.71. 
t<i fat. So;;, 
pi«)lein. sri.*!. 

ntili/.atioii in protein and fat synthesis. 


i^lbS'r of eierfroeardio^ram, sigiiilieain*** 
of, 24s it fiiti. 

(|)neekenste«lt s siirn, 124. 

Quirk's protlirumbin time (aeerlerateil (dot- 
lino time). M*k 
QiiiniiK^. for myotonia. .">21. 

Quinolinie ari(l, 1().‘{7. 


l»a<lio-aet iv(! tdemen*s, rerebrospinal iluid 
formation studied with, 121. 
use as trarers. tM)(). .S'(r Iodine. Iron. 
c‘tr. 

|{a()io«au1o^raph. tlSl). 
llanvitvr, nodes of, 4S2. 

Hat ovari.'in JiypcTaunia test for pregnaiie\, 

ioi)o. 


Rationing, British War System of, 10(i0. 

bread ])oliev. l(jr>8, 1003. 
food on points, lOGl. 
provi.sitjii for (diildren, 10G4. 

pregnamy and lactation, 1004. 
of vitamins, I Of>3. 
ratione<l and leirnlated foods, lOGI. 
.supply of e.i!i»ri«>. I0(il. 

Raynaud's disease, 3oS. 

iiivc‘.stiga.tion of, 3r»l). 

.syinpatheetomy for, .‘i."il). 

Iteaetion of degonfrntion, .o07. 

lidation of ( hroriaxie to. r>n7. 

Iteaetive hyjxTa rnia. 321). 

Jbdioiirid eontraetion. o37. 

l{eee]>tor neuione, 7(.)4. 

Receptors, action potentials from. .">1!). r).")2. 
adaptation, .ooU. 
auditory. .o73. 
eiitaimous, .>17. 
end bulbs, .74S. 

(‘xlent of st iiiiulns, 

<ri«n»*ral f>n>j)(‘rties, ,o4f). 
inlensily of .srimuliis, ool. 
methods of study, r»4!). 
musrie spindlf*. o47. 
imis« ulo-t«*ndiiK)us. .“>47. 
organ of GoJgi, 547. 

I’aeiniau rorpuself', 547. 
pain Iff.r,), 547. .”>53. 
peripheral analysis. 550. 
repetiti\e response, 550. 
sjMx.ilieitv of response. 550. 
tactile eorpnselr, .548. 
ternp(‘rat lire, 552, 
tomli, 5.52. 

|{tM ipi(‘nts. nniviTsal, 178. 

Reciprocal innervation (inhibition). 545. 
in breathing, 38(5. 

eereheliar stinnilati«>n, »>34. 
knee-jerk, t>44. 
iiy.slagimis, (>0l. 

}>ositivp .«;npporting reaction. .5!)0. 
postures. 500. 
spinal ndlexes, 545. 

analysis of record, 1123. 
stimulation of cortical eyelields, (>38. 

of motor cor!«*\, (>31. 
voluntary moveimmt, <>40. 
Sherrington's views on, 112tb 1128. 

Ib'covery oxygen, 430. 

lveeov(?ry proe(?ss, after .severe niuseiilar 
oxereisi', 430. 
in nerve. 401. 

skeletal muscle. 430. 

Heeruitment. 537. 

Ileetum, nerve supj>Iy of, 710, 712. 814. 
sensibility of, 703, 817. 
temperature in, 40S. 

Red blood corpuscles, absolute standards, 
167. 

adrenaline on, 727. 
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Red blood corpuscles, aft er splonect did y, 2:10. 
ajjglutiiiogens in. 170. 
blood rvaotion and, ibS #7 .srt/. 
rarbt>nii' aiihvtlra.st* in, llo. 

(.blorulo shift, 420. 

('C).2 oarriago and. 414 .7 .s/*/. 
dostnu'lion of, 187. 
development of, lOo. 
anoxia and, 104. 
bile and, 210. 

(‘Oj)])er and, 104. 2I.‘{. 
extrinsic facttu' and. 200. 
factors iontrolling, l‘.M. 
folie acid ainl. lOS n. 2. 
h.cniatinic principle. IPs. 
in la)ne marrow. I<50, 

e.\|)i‘riniental .studs, 1<5.*{. 
embryo. 1 <> 0 . 
liver and spie<‘n. HU. 
intrinsic factor an<l. 2(.*0. 
iron arnl, 204 (/ -vo/. 
liver and. 107. 
jirotein and, 2Ki. 

.stages of (a‘vtliropoic>is. Mi,*!, 
thyroid an<l, 104. 
ventriciilin and, 20.*!. 
vitairnn-/#i 2 ainl, lOS. 
vitamin-/j group and, 104, n. 1. 
vilaniin-f' and, 104. 
diameter of, IbO, 
duration of life of, IS<). 

ervtljropoi(‘sis, Hi;i. Ipt. 
film of, lO.'l. 
fragility of, KiS. 

action of haimolylic .s<Tum on, 17o. 
ai'ter spleru-« tomy. 220, 2:U. 
cell.s in sple(*n, 22(5. 
in ac holuric^ jaundice. I70, 220. 
amemia.<^, 1(50. 

grouping of 17(5. >SVc Jilood 
bivrnoglobin c)f 17.'{ 

hy[)oei)romie, i(5S, 212. 
in apla.stie anaunia, JOI. 
Jiaunorrliage, JSo. 
irdants, 1(57. 

pernieiou.s anaunia (<y.c.), 10(if/.vry. 
pregnan< y, 2(<(5. 
scurvy, 104. 
sfu ue, 204. 
liver and. J07. 
iuaerocyte, 107. 
inaeroeytie aniemia, l(»s, 10(5. 
maturation faetcjrs, 104. 
lutjan < or]>uscular ha inoglobin. 1(57. 
mean (‘orpuseular voluF?»e. 1(57. 
inicToeyte, 1(57. 
lionnal, 1(5(5. 
jjormoehromie, 1(>«. 
normocyte, 1(57. 
number of, 1(57. 
oxygen carriage by, 400 »/ vc//. 
permeability of, 7, 1(5(5. 


Red blood corpuscles, Hriee-doneseurvcr, 1(57. 
regulation of erythropoie.si.s, 194. 
rtdative volume of packed red cells, 
1(57. 

reservoir in spU'cii, 22(5. 
retieulo-cuulotlK'lial system and. H5:{. 
sedimentation rate of, 172. 
librinogeii aiul. 172. 
in di.sease, J7:i. 
pregnancy, 17.4. 
spherocyte, 170. 
sjdciUF and, 1(5.4. 224 •( stif. 
staining of. 1(54. 
stored, 7. 1S4. 

.sympatheefomy on, 7I;'». 
types of aiia-mia. 1158, 

Stt also Aiuemia. 11 Munuglobin. 
daimdii’t'. Lice]*. Ili-ticnio 
endothelial .‘'V-^tcin. Spleen, 
ited line. 422. 
lied nucUMj>. 7ol. 
ib‘ducti«.ui di\ision. llOl. 

Referred pain, 74 s. 

caust‘ of, 7.’><5. 7o7. 
from d(‘cp somatic >1 rtu ture.s, 7 Is. 
heart. 7.70, 7.72, 
inte.stine, 7(52. 
pericardium, 7.7.7, 

]»eritoneum. 7.7.7, 
pleura, 7.7;>. 
in ap}>en(lii-itis, 7(54. 

p(‘ji(i<- uber, 7(5.4. 
imadianism of, 7’i(5. 

central misint«*rpjetatinn. 7.7!>. 
dorsal root branebimj, 7.7s. 

Ibdlex, alHiominal, i*tc. S,r mdixidual 
retie xes. 

Reflex action, .72(5 .74(5. 

action of acc-tyb liolinc on, ,7.40. 
of adrenaline on, 728. 

anti«*holiiiestera.ses on. .7.41, 
exserine cm, r> 41 . 
after-disc barge, .72(5, ,7,47. 
block, 0,4(5. 

<entral (‘xcitalorv state, .72S. 

inhibitory state, .728, ,742. 

• entnil transFiii.ssitm. .728. 
conditicuKMl, (57i7. Conditioned 

reflexes, 
delay, {>42. 
fatigue, .7.47, 

final common path, .727. 
frecpieney of stimulat ion aiul, ,741. 
general fc'atunvs of, .7:52. 
inhibition in, .742, <52.4, 740. 
reciprocal, 54.7. .S’cc Keci{>rocui 

innervation, 
time relation, 54.4. 
iriternuneial neurones, 527, .720. 
irradiation, 5,4(5. 
latent, pcu’iod, 5.42, 
localization, 5.4(5. 
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Reflex action^ oc’clusion, 040. 
jjn?j)ot.eiu*e, 000. 
robDund and, 0:{7. 
recruitiiiont luid, 0:i7. 
resistance, 0.’{(>. 
reverbc‘rat(^rs, OIJO. 

sfrcn^fli of St ini Illation an<l. Oil, OIl*. 

subliminal fringe 040. 

summation, Ollli. 

synapse, 0 l*2. 

synaptic ilelay, Olii*. 

transmitter, 0:2's, 
time, 0.‘i2. 
arc. 0:?<i. 

Refractory period of aiiri< lc durin*: raj»id 
stimulation, 2iH) t( siy. 
effect of vagus stimulation on, 
of heart, ’JltO. 

relation toeetojiic beats, l\S7. 
m*rv«‘, 100. 
sk»‘letal muscle, OOO. 

IMVigeration. 4S(). 
l{claNiii. lOSl. 

Renal calculi. KtOS. 

colic. 74S, 7fit», 7t5li n. I. 
disease. Srr Nephritis, 
filtration fraction, 1*7. 
liyp(‘rt(*nsion, 1107. 
isclnemia. 1140. Srr Hypertension, 
(edema. 112. Sit Xi'pbrosis. 
rickids. |00S. 
shunts. 20, ;lfl, 

crush syndrome, .‘1411. Sn Kidnev. 

Renin, 2;i. :ii0. 

action on hypertensinogen. .*110. 
effects of injec tion, .‘1411. 
liberation by isdiiernic kidney, 1110. 
sia reted in luemorrhagc'. J1.7I1. 

IJcnnin, 77S. 

Ileserve air, .‘H>2. 

Ib’sidual air. .‘Ib.’l. 

.sensibility, 

Uespiration. Sir Ilreatbiug. Hespiratory 
centre. 

fVetal. .SVr I'u’tal respiration. 

Respiratory centre, .‘isi if sf,/. 

adrenaline and, 720. 

.aortic nerves and. 404. 
blood pressure and. 401. 
carbon dioxide .and, .‘IIM. 

('arotid sinus and, 401 rt .sff., 712. 
cerebral eireiilation and, 401. 
elieim»rca eptors and. 710. 
etfec't.s of trnns-sec'ting brain stem. ;ts4. 
expiration, meebanism of .‘102. 

11+ ion concentration and. IIO.’I. 30(5. 
impnf.ses from. ,‘101. 
injury to. ,’101. 

inspiration. iiK'clinnism of. 301. 
isolated. ‘1S1 ,*}SS. 
intrac ranial prc'ssun* and 404, 
irradiatc's to canliac centre, 271. 


Respiratory centre, irradiates to vasomotor 
centre, .‘100. 

mc*diil|{>ry aiuemia and, 30J. 
oxygcai c'xce.ss and, 403. 
oxygen lack and, 308. 
reflex curitiol rif. 3S4 H .sn/. 
rliylhmic disdiarge cd‘. 300. 
sleep on. 4or). 
tcuniieratiin* and, 47s. 
vagi and, .‘ls7. 

Sic Ilreatbing. 

IN'spiratorv mu-'ch-s. ;i<H. 

Respiratory quotient, 372. 

c-oiiversion of carliohydratc int(j fat 
and. .‘173. 

of fat into carboliN clr.itc* and. 373. 
dc'terminat ion of. 372. 
diet on. 373. 374. 
in aeidaMuia, 374. 
alkalaunia. 374. 

altered pnlmonary ventilation. 374. 
diabetes mdlitus, .‘ITl. 020. 

• fleet of carb«)h_\ cfr;itc‘. 373. 
exercise. 374. 130. 
fat. 373. 
fcrotcdn. 373. 

Kest point. <)|0. 

|{esu.s( ilation. 3S3. 

Ibleiiticm with overflow. 77,3. 

Jlc'ticular formatiim, 702. 

anc.1 res])iratory centre'. 3S1. 
ch'seending tibrc's. 023. 030. 
Jleticuloc-vte. 104. 

Reticulo-endothclial system, 1S7. 

bilirubin formation in, ISS. Sn S'.plcen. 
lletina, central c*onne<‘tioMs. .374. 

Uetinenc. 1022. 

Iletrobulbar ncMirilis. 10 . 31 . lo3r>. 
I»etro-(»eular musck' itf .Miillc-r. 7<)S. 

IJ e V<T1 (era t oi-s, .331». 

Mbeobase. 403, 

Hbc’sus factor, !7S. 
lvhodo]»sin. lo22. 

IHiytlimii ity of luMit. 2,30. 2S0. 

e»f re.spiratoiw ct'iitrc. 300. 

Kibitol. 1027. 

Riboflavin, lo27. 
role in ti.s.snes. Il»27. 
sources and recjiiiremc'nts, I(>27. 
strueturex 1027. 

Hibose, S30. 1027. 

Rickets, loio. 

experimental ])rodue1 ic»n, lOJl. 
relation to osteomalacia, 1012. 
renal, ItMiS. 
serum I* in, lOOI. 
tetany in, 1007. 
iiltra-violc't rays and, loll, 
vitniiiin-/) and, lOU). 

Righting reflexes, .302. 

Rigidity, decerebrate', .Sif HiaM'rebrate 
rigidity. 
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Kigi(iity, in striatal dis(‘as<*, (5r>7. 

in vistrral disrasr, 748. 77)0. 

King t*\|)orinu*nt. 201. 

Kobinsoji's ill Addi.^on’s di.seast*. 07)<». 
Kod.s, 1022. 

Romberg's sign, 7)1)2. 

Kouleaii.x formation, 172. 


Saei-liarosc (sui-rosid <ligestioii <•(’, .''.‘)7>. 
Sacciilt*. 7)0r>. S> r Otolilb (»rL':ni. 

Sacral autonomic system, 7m 7. 7t)7. 
oiitllow, 707, 712. 

“ JSafo period liin.ur of I* hMWi. 

Saline, of <|rijddnLr of, ti2. 

iu intestinal fdistnn tinn. InO. 
injection of. aft«-r ba inonliaiio, S.'). 
efb'ct <in I'lood vninme. 01. si. 
on eii e«dal ion. .70. 
flow nl ur ine, Oo. 

('.S.l-', ]ii-esxijre. 12<i. 
li.ssm* lluiii foiination and. 17». si. 
Saliva, OS, 771. 

Salivary glands, 771. 

em]iloyefl in .'•tndy of < «*t!dit i«*nrd 
i'( Ilexes. t)7t». 

gastro*>ali\aiy iillex, 774. n. .‘J, 
nerve .^uppl_\. 7<»0. 711. 

'csopliago salivary leiii-s. 771. n. ‘i. 
sceretion of, 774. 

Salt, 107)0. >S<(.'bloride. Saline. Sodiii. 
Salt depletion test in Addi'-on > di^-a- 
Oof). 

Saponifiration offal. sn2. 

Saturated and urjsal iirate<| lipides. Sfil. 
Seljaf(*r'.s melluMl of aitilieial |•e^pi!^•^ti( 

;{si. 

Serotal dermatitis, ]o;tl. 

Scurvy, 1030, 1012. Vitamin-^’. 

l)lr)od in, 1030, in 12. 
r’linieal, 1042, 

experimental in man, 10.30. 
skin changes in. loll, 

teeth in, Jol3. 
woumJ Irealin^^ in, loll. 

Sea-.sickiie.'s.-;. f)02. 

Second wind. 442. 

Secondary sex elno-ai ters, art ion.' 
andi’ouens on. i I 11. 
female. H.iOS 
male, 1107. 

Secretin, 702. 
action, 702. 
in man, 702. 
on bile, 800. 
panr-reas, 702. 

.siiccus (‘Htcrieus. 700. 
release, of, 701. 

test of pancreali)' function, 702. 
Secretion. 10. tSee individual glands. 
Sedimerjtation rate oi red cells, 172. 
Segmentation in inte.stine, 812. 


Selenium, etled on livi-r. S27. 

pi)is()ning.i‘i4at inn to sulphur metabolism 

.S27. 

Semen (seminal fluid). 1103. 

i nagulal ion of . 1 10,3. 
tihr-mnlysin in, I io.3. 
hyaluinnidasi.' in. 1 l03. Sr( Spt'i’in. 
Semicircular canals, 7.07 

ant inn ])nt» iitials fmm. .")!».S. 
autnimmic I’ctlexi's fiairn, 002. 
r»;ir-any s test. OtU , 
ccnti-.il •■nmuM-t inn*> t»f. 7»07. 

*'\1 if f*atmn nf. fit»». 
mn«li- <tf at'f mn. nOS. 
slrmlun* nl, Si-i Nest il)iilar 

a jtparat us. 

.Seminal 1 racl. J |o2 
\ e'i* I. -, 1 Io:J. I In,'.. 

.'^em in ifernU' liilniNs. ||h|. I h»s. Mil 
I 1 I 1. S'. 'I) 'll'. 

.'si-miperinealile membrane. 1.3 n. 2. 

.S« ii')- nf j)as-i\c minemeiit. .‘ain. 

<>1 ptK'it mn. .70'!. 

Sense organs. S'c i:eeeptnt>. 

Sensory cortex, structin<‘ nf, .70s. .s.. 

( eii-hrai enrteX. 
deeiissal i< 'ii. 7»02, 
impulse' in brain .'tnm. 7ai2 
in p<*»i|ilM‘r’al im’IA)*.'. ;7.70. 

.')tinal cor’d. .77»s . / .s. y. 

T)er\’e einhng.s, .7 17 ft sitf. S>* Keeeptnrs. 
.'’’‘••l ine, S7f) 

Sernu' \ itin.s. Ibiid ab.'t*i’ptinn in. 21 
,8er’1')li. • el!.'’ nf. I l02. 

Ser um alimmin. S'f IMa.srna prnteiii'. 

jjlnbulili. Stf iMasina pinteius. 

Se\ elu’nmn.snme. I lOl. 

Sex glands. o\ar v. 'I'esti.'. 

Sliallnw b^eathile_^ armxia in. 147. 

in puimonarv embnii.'tii, 4.7S. 

.'’'Ii-im feeding, 777. 

Slieri'ingtoii pheimmeimii. 721. 

Shock, .sfiinai. 0!IO. 
trumatic, .‘i.io 314. 

blond eb.anges in. .340. 
pre.'siire in .340. 
xnluiiu' irj, .340. 
elinical jiieture, .3 10. 
enisli svndmme. .343. 
ex pr-rimcntal. 34 I. 
kidney in, 340. 343. 
met bauisin. 311. 
pulse rate in, 310. 
rnl<‘ of i bemieal ag<‘nts. 34 1, 
oi flnicl or piasm:i In.ss, 312. 
li;» inor'iliage, 341. 
iufeetioii, 343. 
lellexes, 343. 
treatment of, 341. 

SlioTlciiing n*aetion, frSO. 

gnd’ted on to rellex eont laet ion, o80. 

Shunt blood, 333, 448, 47)3. 
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s ililVt'MMwr. ;ippm-iMtiou of. 

rm. 

Siiimioiuls' rlisr.isi*, !«;i, Ill.'L 

SinyajMin* (.aptix it\. mil ritioiinl 
iniM. 

Sino-auricular node, 

l»lo< k in, Srf Hrarl liInrU. 

t and linatiM;* <»f'. J-tri, JSli. 

«‘\t irpat if>n ol', 
inorpliolriLry of, 

n<‘i‘v<' supjily of, I’.'M. 

urijrin ofcardiac inipnist, !ii.2‘M,2*t<>.» lo. 

}n i>pj. i‘ti('s {»r tihrrs of. 

to I* wavr. 'Jiri. 
stimiilatitiii of vulmi'^ on. litis. 
stnn tnn* of, -.H4. 

Sinus ari-ltyi liinia. 1^71. 

Sinu.s nrivr, 7!{S. St. ('arotiil sinu>. 
Ski'Iclal ^n-outli. S’m lioiir. (Irowtli. 
Sk«*u (Ifviation of ryos. tiill. 

Skin, a* linn of roM. 

of licaf. .'i27. lIJS. 474. 

Iii.sfaniiiM* nn, HJo. 
litilit <»n. 

iK*xinnv. ay;».Mils (Ui. 

• apillarios of 'ill! »/ snj. 

pn-ssiirc in, Hi. 

< olmir of, lilM. 

dorsal ncrvo mot dilatur.s and. 72-. 
lirat loss, 4(if». 
liypiM'aLn’sia, 747. 
in pnllavu'Ji, 10117. 

s( ur\y. 1040, J04l. 
insonsiOlo por.spiration. 4ti7. 
in xitamiii-.l di4i«irn<‘y. |0i'4. 
lilirratioii <d " 11 -suli.^tami' in. .42.7. 
rni< ros<*opf. .410. 
n-ii( ti\i- liyfM‘i;rmia. .420. 
scnsil)ilit\ in. .7r»2 r.f .so/. 

.snisory norvo rndiiiL's in, .717. 

.sweat, 4ti7. 

•jjlaiids, <f.r. 

.s\ inpathetic nerve supply of. 70s. 7o0 

leinjKM'ature ot, 40.7, 47.7, 47<i, 4 <7. 
iirliearia faetitia, 110. 

vascular responses of, 421. 
flan*, 424. 
red line. 422. 
triple re.sptui.se. 422. 
wlie.al foniial i»Mi. 424, 
white line, 421. Stf fenifienit ure. 
vitamin-/^ synthe.sis in, llol. 

Sleep, <»s.7 ().S7‘. 

u form of 1*011(111 ioiieil inhiliition, 0S.7. 
alveolar air in, 104, 40.7, (iSn. 

Kahinski n‘spoTis(* in. (is.7. 
carotid siniiH and. (iSti, 7(iti. 

('ifeets of proloiiut'd wake!illne.ss. tVSii. 
elect n»»*neephal()erain in, <)2n, 
hypnoioxiii theory of, 
hypothalaniu.s and. 71.7. 


Sleep, plieni)iiien,i, of, 1)S.7. 

produced l)\ erfrotainiru*. tiS7. 
sleep eentre>. r»S7. 
theori(*.s of. lisr*. 

Small intestine, ahsorjiiioii in. tod, 7!f7, 
SII.4. 007. 1021, 1022. 
Aia^rh.ieli's plrvus and, 711. sn7, Sl2. 
diee.stion in. 7Hi. St)2. 

‘^astro-ileal re|J<-\. Si 2. 

hormones of, 

eholeeystuknnri, H02. 

(.*niero‘:a.st rone, 7;70, 
pa lu: n‘ozyn i i n, 704. 

.secretin, 702. 
is< liieinie jiain in. 7.72. 
ji.-jnno-ijea! insnfficieiiey, 707. 
inovemeiils ot, Sj 1. 
nerve siip}4y of, 714, 7Hi. 

»il>strijetion of, simple, los. 
wit ii .si raiiLnilation. I l'». 
low. loo. 

pendnluin movement-.. Sl2. 

peristalsi.s. Si2. 

reaction of contents, OOS. 

>ecn‘(iuu of. 70ti. 
sei:m(‘ntation. Sl2. 

.sensihility in. 7ti4. 

V illi. inov (‘metii.s of, S(i‘). Sr, hitesline. 
.Smell, ‘ ortieal ‘-eiitre for. .7S2. 

path. .7s2. 

Soaps. Sti2. 

Sodium, ami heart, inust le. 24tl. 
and n»‘r\e membrane. 4S1. 
l oiitenl of intraeellular linid. .7. 
of plastn.i, t>. 

in eeD'bro.spinal lliiid, 110. 
sweat, 4ti7. 

iaek and renal fnnetion. 7.4. 
of plasma, 0. 74. 

after adrenalectomy, 0.7,7. 
in a.sllieiiic ura-mi:i, 74. 
pelnie.'iliiiity of cell in(*inl)ran(‘s to. 

7. 

reah.sorplion by renal tubules. 2S. .44. 
r(‘lenlion in c.irdiac failure. III. 

in chronic nephritis, 11.7. 

Sn: Chloride. Salim*. 

Spasticity in ]>vrainidal h'.sions. (>42. 
Sjwitial relationsliips, .7(>0. 

sninmation. .744. 

Specilic dynamic action. 4S0. 

Speech, t)o4-(»r)t). 
centres, (»o4. 
dysarthria, (ioO. 
in cerebellar I(*sions, (ill. 

frontal lobe l(*sion.s. (>72. 

.Marie's views on, (j.74. 
varicdie.s of aphasia. ().7r». 

Sperm (spermatozoa), iloi. 

count, 1104. 

in redue(*d male fertility, I Ht4. 
form hyaluronidase, 1104, 
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Sperm, iniluoiuf of i*pi(li(Jvtnis on. 110:^. 
motility of. JKKt, 
survival tiim* in va^jina. IKMl. 
Spormatiils, 1101. 

Speriuatocytcs. llol . 

Spennatoixona^is, 1102 . llo.*). 
Sperniato^unia, ,1 lOl . 

Sphonx yte. 170. 

Sphincter ani, 811. 
fardiav, SOt). 
ilouvivcal, SI2. 
piipilho, 71"). 
j>yloric. SOS, SlO. 
vesiva*. 7ti7 </ >< 7 . 

Splivgino^rapli, 202. 

Sphygrno?naiu)iij(*tc‘r. 20(». 

S[)byn"oniyolin, SOI. 

Spliyiigosinc*. S.'IO. 

Spiko potential, 4vS.‘», .">02. 

Spinal cord, 020 Ti lO. 

action of acotylcli'>liiic «ui. "‘lio. 710. 
of adrenaline <>n. 72.S. 
anti-clioIine.sl<Ma.>C'. on. 

(•ontral vagus '.l ininlat i<*n <»n, 7ri.‘*. 
c.s<*riiK‘ on. o.'ll. 
a.srciiding tracts of. "i.'jS. fiSs. 

complete trans-section of, Oiso. 

bluildor function,OOO. 002,700,772. 
blood ]>rcssur(*, OOO. 

( Oitiis 

rctlf.x. 002. 
kfa*t'-i(M‘l;. 0 !t*{. 
inas.s-n‘(l«*\. <i02. 
nm.M-li* ton»‘. 001. 

I'clicx niovcincnts. 001. 
sliock ailer. tiHO. 

.>taLa’ nf i'ailiirc. 0i0{. 

Ilf ll;ii-cidit\ . 01M». 
reflex activity. tUtl. 
ilc.s« endinix Inn t.s of. OiSS. 
diseases of, >ensalion in, .’itin. 
endogejjoijs lioces of. 0s!0 
Iweniatomv (.‘lia, 700. 
hemisection of, otio, 
incomplete trans-section of, 01 m 

iniisele tone, 0!M, 
reflexes 0‘.M. 

internuinaals (intenicniones), .127. 
intramedullary imnours, -lOO. 
reflex action (y.c.). .120 rt si,j. 

segmental distribution in, .l.ls. 
sidiacnfe ffindiiiied degeneration, l!#7, 
otiu. 

.syriiig(;ni\ elia. .Itln. 

tumours fjf, l(M ulation <\ndr(»me ftojrn 

12 b. 

Spinal sliOc-U, eaijse.-i of, titM). 

Splanchnic nerves, :i08, :iir). 7 Htt. 

Spleen, 22 ;j 2 .‘M. 

1 .dim bin formation in, 1S7. 
otciod destruction in, 18". 
fojMUfit i«>ri in. Kit/. 


Spleen, contr.action of, 22ti. 
defence reaefions of, 22!). 
tuiiptying )>hase, 221. 
c.xtirpalinn of, 2IU. Sn- Spleiw. tnmv. 
tiliing phase, 224. 
fr.igiljfy of i<*d et'lls and. 22ti. 
fuTictituis of. 22.1. 
luemolysirj formation iii, 22 s. 
by |)er.*'plenism, 22!». 
in leukaMuia. 22.1. 
lyinplioiytes fornu-d in. 2lS, 22.1. 
maiTopbag(‘> in. Is7. 221. 
nerve siip]»ly of. 22»i. 711. 
relation to purpura l.l'.l. 

<-ongenital lia-molyt ir laelmlui c ) 
jaiiudi' e. 22:). 
re.srrvoir of red «‘el!s. 22*.i. 
sensibility of. 7)>1. 
storage fiiMction. 22'‘>. 
sl»>ragc jdia-.e, 227, 
structure of. 22.‘'». 
vasrular ,irrang«*nM';ir22‘!. 
weight t)t. 22.1. 

Splenectomy. 2 :t)). 

for ai'lioluric j.iundi* e, 22!». 
ha*uiol\tic ana-uiiii. 22u. 
hyperspleuisni. 22o 
purj>ura, 1.1!). 

Spontaiu'oiis d<.‘\ iation. lioj. 

]»ain ill thalamif lesions. .Iii7 
Sprm*. 2t)l. H)<)l 
.Stagnant anoxia. Sr> 

Standing rellexes. .s',. Attitudin.i! r' fl- xr-. 
.8tareh, digestion <*f. Slt.l. 

Starvation, adrenal coriiooid" iTted in, 

1017. 

ba.sal metabolism in. 27^. 
bloful ghn i("e, !)U I , 
ereafine in urine. 8!)). 
fatty liver in. Sfi.s 
ki‘losiN in. !M)| 
metabolism in. !)())» !hi 2. 
nitrogerniiis excretion in, '.*01. 

MHirces ol'eneiL'y. '.)ttl 

1 hymn.', in. lOMI 
urinary ehanges ni. H!)2. 

UM* of fat. !MM). 

of tissue protein, boi). Sr, I'lnh i 
nut ritifUi. 

Stilt ie react ioMrv. .l!)t». 

Status tli\uio-lympliatIt n.', It»l7. 

Stearic acid. 8<i|. 

Steatorrlnea. !)!).S. 

Stellate ganglion. 70!). 

Stereobilin, I!).‘b 
Siereognosis. .Iti!) 

Sterility, during lui lation. I0!);1. 

treated with g'Uiadotrophin. lOSti, 
SU'ToidH, 1071 
Stigmasti'rol I os I 
Stilhceatrol, 1078. 
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Stimulus, n'iiitiuii tt) sc*iis;j|ion. ool, oTu. 
-SVr 

Stokos-Ad.'iriis syiiflroinc. J-SI. 

Stomach, ouiun^r of, 7sr». 
liirdiosjKisrn, 815. 

in. 81)2. 

fffccfs of rinolion on, 7SfJ. 

rate, S|(.>. 

;!iist.rin in, 7711. 

gastric juice, anti.sc|)t,i<- in lion of. 775. 
n. I. 

<-oll<*ction <jf, 77<!. 

('oni|M)siti«)n of, 105, 775. 

<Iiu:t‘>tivo action. 778. 
intrinsic factor in, -OJ. 
secretion of, 777. 

alveolar ('U., cliaiiLa*.'' dnririL'. 
:i'J7. 

apjictitc juice, 777. 

a con«litionc<l rcllcx. 87>s. 
lilof)«l sujiar cljatiizo and. 7S0. 
7v^5. 

claMiiical pliase, 77.S. 

chemical transmitter.''; and. 77<i. 

cunt imnms, 7sI. 

curve.s of aci<lit\, 7 sl'. 

enmtion on, 7S8. 

entciaijiastrone on, 7so. 

fat on, 7Sit. 

food <*n, 77S. 

fractional test meal {</.( .), Tsi. 
iia.strin on. 7751. 
trastro'/yinin on, 7so. 
hi.stainine test, 7s;{. 
hy|)Otlnilannts and, 71li. Tso. 
irisnlin-histamine test, 7s.;. 
in at liylin jiastriea. 7s4. 

< !iMeer of .stoma< li. 7S5. 
tltjodem'il till er. 7S7. 
fast ini:, Tsl. 

^iisirie ulcer, 7S.S. 
man, 7SI. 

pernicious anannia. I517. 7s4. 
insulin lest, 7S5. 
intestinal j>ha.M' of, 777. 
methods of invest iutc.tion m 

man, 781 </ no/. 
nervous phase, 777. 

I^ivlov ptaieh, 778. 
sham foi'dine. 777. 
sympathetit and, 775. 788. 
urciga.strone on, 780. 
vagotomy and, 7SS. 
vagus and. 777. 788. 
glands of, 775. 

hornione.s formed in, 7751, 7S0. 
hunger eontraet ions in, 810. 
hyjMjrtrophie jivlorie steiuisis, 818. 
ititrinsic factor in, ’JOl. 
movements of. 807, Slo. lOiMi, 
in disease. 818. 
mucous membrane of. 775. 


Stomach, ii' ; -..- .snpplx 718. soil. 

pain from. 78J, 7(>:;. 
pernieious ;oi;i iiiia. relation t«i. I:i7. 
regurgitation into, 782, .si8. 
secretion of, 777. 

.sensihility in. 782. 78.4. 
shapes of. 80!». 

.structurt‘. 775. S07. 
tone in, StMl. 

IIleer of. 78.4. 
ventriirulin. 2o;;. 
vomiting and, 811. 

Strangulation •)f intc.'line, 1 In. 

Stratiisphere. IlyiMc in. 44i). 

Str'‘ngth-<luration ciir\e, 4514. 

of denervated miisi l«‘. .Vrl. 
nerve, 451,4. 

Stress, A(TU ami. '.147. 
adn.mai eortex and. 5M7, 
adrenaline .'^eeretion in. 7.41, 742. !t"»0. 
mei lianism of res/ionse to. hniiioral. '.14S. 
ner\ou.<. 5148. 

Stret< h reci-ptors, ,‘>47. 

Sr> 18adder. Carotid sinus. in¬ 
testine. Jaing. M iiscle skelet.i I 
licceptors. 

Stretch reflexes, 5ss, 

ridation to knee-jerk. 844. 
to deeerehratc' rigidity. 5S4. 

Stria* aeuusticje. 572. 700. 

.Suhaeiite comhined ilegeiieration of ooiil, 
1517, oliO. 

Suharatdinoid spaei*. I 18 f/ 

Subdural sjiaee, IIS. 

Sniilingual gland. S7 > Salivary glands. 

Subma.xinury gland. Srr Salivary glands. 

Substantia nigra, 857. 7oL 

.^uhstrate eompetition, 5051. 

Sm-einie aeiii. 851. 852. 

Succus entericus, H>5. 75)8. S45. 

Siiekling eau.ses proku'tin .‘^eeretion. 1(15)4. 
uterine eonlraetion. 1005. 

.Suerase, 84,5. 

Siiero.se. 84,5. 

.Sudanophil granules in adrenal eortew 5144. 
Sulphate (Sulphur), biotin, 1028. 
eonceiitration by kidney, 28. 
eoiijugation in liver. 828. 
content of iiitraeellular lliiiil, 5. 
of phivSina, 8. 

ev.stine or cysteine and, 877, 882. 
ethereal. Sill, 5100. 
heparin and. 145. 
in ecrehrospinal lluid. 115). 
iiidoxyl .snlpliate. 5100. 
iiidieaiu 5100. 
inorganic. 8511. 85)51. 
in urine, 8511, 85)51. 
methionine, 877. 882. 
iniieoitin polysulphuric ac iii, 845). 
neutral sulphtir. 85>1. 5100. 
taurine. 7518. 



1182 


INDEX 


Sulphate, thiMMiintv 

Sulj)!i-)i:«'riioiil(»l)in.‘i‘Mn:i, i-vMiiosi." from. 

4r>i. 

.Sulphnnamidrs, vitamin /> d«‘- 

licioru'V. lOiN). lO.'tS. 

Suinination. in rt'tlrx avtion, 
in skflrtal luws^lr, .“lOO, 
spiltiaI, o^o. 
temporal, oilo. 

Superficial reflexes, tu:>. 
alKlominal, t54o. 
lijihinski. dlTi, 

I rem:i>teri« . (it.''!, 
pliuitar, ti t."), 
sensiltility, ooti. 

Superior corpora quadrigemina, .^>7.'. 

70S. 

Arjivll itolxTrstin pupil fiom lesion 
' ‘ of, osO. 

Suppressor bands, tii'o. 

action on e;iuilii.tc nm Un-^, 
on cortieiil moM-mcnts, tiiM. 
clectroenccplia loyra m, OiNi. 
loucr motor ni‘nroin‘>. <)-.*{. 
rcticuliir formation, 
spimil retic.xcs, t»2Il. 
extirpation of 4^. sftasti< ity resultiii-', 
t)24. 

Siijmio])ti(: inieieus, aetion of aeetvl- 
choline <*n. 710. 
on posterior fiilnit.iry, 42. 47. 
Suprarenal gland. Adreiml eland. 

Siirfaee are.a Jiml metiil)oli«- rate. :{7s. 
vital (‘afiaeity. .‘t7s. 

Surgical .slioek. Shock, tranrnatn-. 

SwiiHow inf:. «S(to, 

Sweat, cornpositimi of. 4(>7. 

insensihle perspiration, 4<57. 

Sweat glands, action of aeetvlcholine. 
481. 

of adrenal cortex, ttfo. 
aflrenaline, 48J, 72S. 
ajMjcrine. 4(i7. 
axillary, 1(>7. 

congenital absence of. 47t). 
eccrine. 467. 

nerve .supply of. 467. 4S1. ot)S, 709, 71Vk 
724 • (. ■'■I'tf. 
secretion of, 467. 

and dehydration, 4438, 477 
by rise of external terniierature, 467, 
476. 

in emotion (mental), 467, 
exercise (thermal), 442, 467. 
fever, 486. 
heat .stroke, 479. 
maximal, 467, 

Sympathectomy, complete, ('fterts of, in 
animals, 716. 
for bladder pain, 768. 

Huerger’s disease, 361. 
e«<Rontial hypertension, 357. 


Sympathectomy for |{avMand .«■ disea.si*. 359, 
361. 

Sympathetic nervous system, 7(»7. 

ai tion poteiitiiils in nervi's, 3tt3, 
ami mnselc fatigue. 521. 
clicinitail transmitter at postgangli- 
onii' terminals. 5ttS, 5lit, 722. 
in sympafhetit- gariirlia, 523. 
fholincrgiv llbrcs in. 4S1. 
ephcdrinc ami. 516. 
extirpation «)l. 715. S>t Sympath¬ 
ectomy, 
ganglia (»!. 711. 
liighiM- ctmtrol of, 716. 
liypothalamn.'' ami. 7Hi. 
nimtim* and. 7 15. 

ndation of adronalim' and not 
adrenaline to. 722. 721. 72s. 
1<» adrenal Ldand. T.’K), 
bladder, 71 it 767. 
i>lnod \cssris. 36!4 if Sif/. 
i>ron«‘hi. 76*.t. 
rafiiMaries, 326 
76S. 

foro limb, 769. 
gall-bladder. 711, h6I. 

In*ad artd neck, 767. 
heart. 276, 769. 
hind limh, 769. 
kidney 27. 
liver, 859. 
parieU‘>. 769. 

^keletal nnisele, 521. 

.“kin, 768. 
spleen, 226. 

stomach and intestines. 7I6. 
sweat glands. 481. 
thyroid. 769. 9S2. 
nlenis, 711. 
veins. 318. 

.Svjnputhoinimeti(‘ aetiort of adixmaJiiie. 
722. 

Synap.se, 522. 

Synaptic potentials in svm|»uthetir ganglia. 
524. 

eurare on, 524. 

.summation of, 525. 

Synaptic terminal, 522, 536. 

Synaptic transmitter, 523. 

Syncytiiim, heart muscle a.s, 233. 

Synergif*. (fixing) muHclcK, 651. 
Syringomyelia, 560. 

iSystole of heart. Src. .Auricle. \'cntriclc. 


3’1824 (Kvans’ blue), 9. 

T wave, 256. 

in chest lead.s, 251. 

Tabes dorsalis, 561. 

(;<^rebroHf>inal fluid in. 131. 
Charcot’s joint in, 561. 
deep reflexes in, 562. 
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Tabes dorsalis, (lisiiirl»o<J v(»lniit. ary Minvc- 
iDont. in. 

lif^lifnin;: pains in. 501, 
niicim il ion in, rir»:!. 
f»al.lM»lo‘iy (»r. r»(il. 
itoinhrr'j's sii^n in. 
sfiisory cliatii.M's in. filil. 
tropliir (‘h:iMa«‘s in. nlil. 

'l’;i« }M* rt p hniln, n'l.ition to " ivd lini*." .‘12^1. 
’ra' hyphylaxis, .‘ioO. 
r.n tilr cf)rj>tjs< Ir., olS. 

<lisrrifnin;»1 ion. oti‘1. oTO. 
io< ali/.jitif»n. .“iTtl. 
sfn-^ihilify, ooj. Si > 'rf»in li. 

Taste, i «iriii‘al Cfntrf* l«*r. o.Sl. 

pat li. .-»S I. 

I'anrinr. 7^^■S. 

'I’awrotln»)al«“ ot sotiinrn. 7H7. 

salts. 

Teeth, cju-ins oi, loi.'t. 

filof t ol'iliol fa*. 
slrm tiirn of‘. lDi:». 
roL'inontnni. anatoni\ of. 7*M. 

Temperature (roLoiIiitionK ttio isi. 
coM n\haiistion, 

I'csponsf' to. 471. 

diurnal \ ai'i.at ifUi. Hid. 

('flncf fifaiif. 472. 

«»t < lf»tInnij:, t7N. 
drnu;s. 717, n. 1. 
cvcrcisc, 442. 472. 

I'.xtnrnal conditions. 4tls. 172. 
food. Kid. 
tnonstnialion, 472 
ponfino liaunorrliayf. I7d, 
slcfp, 17(1. 
wcatlior, 4(iS, 472. 
on artrrio-vonons atia.slt)n»osis. .4IS, 
Klood rrac tion. 47S. 

Klood vcssrls, ,427. 4tis. 477, 
broat liinii. 47sS. 
riri'ulation tiiiu', 2(i2, -KIS. 
dissofiation of lia'inoj^ltibin. 411. 
di.sfribntifjn of cardiaf output. 2li2, 
K)S. 

heart, 2:h>, 274. 477. 
nielabolisin. 47S. 
spleen, 22(i. 

.sweatinji, 4()7, 470, 47(i, 47vS. 

testi.s. 111(1. 

thyroid, dS2. 
fev<?r. 4S(l. 

heat eratups, (i.7. 47S. 
heat. loss. Ki(i. 
hea t produet ion, Kio. 
heat stroke, 47!1. 

irnpul.se.s in nervoii.s .systeni, 5.78. 5.711 

ft snji. 

in mouth. 4r»!>. 

ni^ht workers. 472. 
fitilinonarv tijherenlosi.s, 472 n. 1. 
reetum, 41)11. 


Temperature, in unn.s KiS. 
normal. t<',s, 
pyrexia! tre.-.inient, 479. 
r< friirerai ifat. ISO. 
regulation, 17:{. 

adn-n.-d and. 17 I. 

< 4-rebiuiii a.nii. 47‘i. 
hypot.}i:d;.-inus and, 473, 7i7. 
iie.rvoii.s -y-tf-tn .and, 47‘{. 

Iliyroid .ifi.l. 471. 
r(‘>ponsc‘ to I old. ISO. 

to he.O. 47 1, 

.skin. 321, 327. 35S, 3(>0. 

.•sweatini/. KI7 <t ■'■■‘tj. 
tc*mperatme .seiisiliilit v in skin. 552. 
in di.sea.se, .7t.io, (idti, 
in \ i.seera. 7(i.3 • I -si 7. 
temperature .sonsorv c-ndiiiL's. 54JS. 
Temporal lobe, 574, (i3J, 05.3, 009. 

'IV-mjKiral s’uriiimtt ion. 534. 

'r(‘mporo-p()Titin<‘ libres. tilM. 

'I'enderm-ss: ()iyperali;e,siaj, 747. 74S. 
eaU'se.’s (4, 7o9. 

I’f'ndril tibrf.’s, (iOO. 

'I’ensjon of ir.as m liijuid. 30(i. Sr.e Carl-on 
dioxitle. 0,\yi:en. 

Testis, I lol 1117. 

adnai.al efirtev iind. 9(i7. 
ainiroi/ens, <f.r, 
ery]»torehidi-.m. 1109. 
fle.^eelit t)f. 1 I 1. I. 
eunuelitcidi.'sut. 1112. 
extirp.ation <*f. 1107. 
irrafl of. 1 1 l(t. 

Imritione's fif, 1110 , Nm: Androgens, 
interstiti.al eelK\ 1101. 

Klinefelter s\ ndoune, 1114. 

]>ituitarv eontn)l of. 1113. 
prcfstate arul (y.e.). Ill], 
rel.it ion to ])ijbertv, I KM. 1107 
to tliymus. 1010. 

.semen 17, e.), 1 10.3. 

.seminiferous iui)ules, I lol. 
.spermatoi/euesi.s, llOl. 
sj»ermato/.oa (7./’.), 1101. 

.struelurt*, 1101, 
t e m (»er; 11 ii re on .lit »9. 
teratoma of, gonadotrophin in urine 
JOSS. 

thyroicl and. 9S0. 

tyimr duetns (vast deferens, llOS, 

vitamin-/:.’ and. 1087. 

'I’estoids. 107(i, I I 10. 

'I’estf»s(en>ne. 1(»7(>. I I 10. 
pn)]iionate, 1111. 

'I'etanus of musele. 500. 

Tetany, after (-xtirpation of parathyroid 
glands, 10(M. 
blood ebans/es in. 1004. 
eiiu.ses of, 32.3, 1007. 
clinical manife.stations, 1005. 
from hyperpiKca, 40S, 1(M);7, 1007. 
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Tetany, in ulkaln'mia. 

in intestinal ol>struetinn, 
man, svm})toms of, 
nephritis, 77. 
osteomalacia. 1012. 
ricUt'is, H»o7. 
treat merit of, lOOli. 

Srr Paratliyroitl iilaiid. 

'rhalami\‘ animal. OtM. 

symlrorm*. .‘>1)7. 

Thalamus, r>t>4. 

and e.vtra-pyramidal ti.'to 

prefrontal lohes. tWiO. 
sham-raii'e reaction, 
supjiressor cinnit, (J2I. 
centre for coii'^cioiis sco'^atiotn .“aUi. 
i‘onm‘ctions (if, ."iflJ, tllS. 
disease of. otn. 

emotional e.vpn'ssion and, o<J7. titU. 
functions of, MMi. o71. 
nuclei of, "ifi-l. 

relation t<i cluirca and atlict<isis. r>iu, t>»»0. 
to electro(*nc(‘plialo!.:raHi, ♦>!7. 
Thiamine (aneurin, vitamin-Bi^ 
clinical uses of. io.‘}0. lifJIJ. 

for alcoholic ncJiropathy. io.'pl. 
Wernicke's syndrorm*. 
dijihospluit hiamin<‘. KrJfl, 
in blood, JOJio. 
rations. KHi.'h 
urine, Ki.SO. 

relation to beri-beri, ItKii', lo.'hi. 

(•(•< j \ i i re Ill ei 11 s, 1 02 .7, 

r(.‘.sults of deliciency, 1021), lottiji, Ht’JI. 
^our■(■es of, 1027. 1072 1074. 
structure of. J027. 

'riiiazol, 1027. 

'riiiochrorne, 1027. 

'I’hioevaimte, action on thvr'oi<l, 074, OKI. 
I'biouracil. 077. OS I. 0S0,‘000. 

Thirst, OS. 

and XaCl defifriency. 00. 
exce.ss, 04. 

Thoracic dmd. S07. 

Thoraeicodtinibar outflow, 707. 

Threonine, 877. 

Threshold bodies, 20. 

Thrombin, 141 d ficf/. 

Thromboamriitis obliterans (Huerjjer's dis¬ 
ease), 301, 751. 

Thrombocytes. 155. Sre. lilood platelets. 
'I’brombokinase. AVc Thromboplastin. 

7'b rom bojK*n i a, 150. 

Thromboplastin, 142. llf)3. 

of plasma f(;r haunophilia, 150. 
vi|K*r venom for h.'eniopbilia, 151. 
Tbroznbosis, intrava.seular, 147. 

post-oi)crative, 140. 

Thymine, 878. 

Thymus, 1070. 

nction of hormones on, 1010. 
development of, 1010. 


Thymus, extirjialioii of, I0l7. 
factors inllucnc injLi size I'f. loiti 
hyperplasifi of I0l7. 

relation to m vast hen ia gravis. 710. 1017. 
t(» testis, I OH). 

.statu.s thymo-lymphaticu.s aiid. 0)17. 
structure of. lOlti. 
thymic asthma. 110 7. 

Thvro^lobulin, 071 

Thyroid, 071. 

action (.)f inor^atiic iodiih' level on. 077. 
of or^^anic f hio-compound.-; on, 077. 

tliioeyanale on. 074, OSI. 
on bone. 070. 

bn\ist, !)70. IttOI. 
ki.lney, 070. 

I* excrc'tion in m ine, hml. 
ant(‘rior piluit:ciy and. 077. 
atrophy of, 072. 

earbobydr.iti' :ib';orpiion and, SOti. 

colloid of, 07 I. 

composition of. 071. 

enUinisin, OSd. 

cyclic activity of. OTfi. 

detici(*ncv, 0S2. 

diabetes,* OIS. 070. 

diiodotyn)sini‘, t)72. 074 

dried, u.sed tlauajxMilically. 075. 

by|H*r(»la.sia of, 072. 

iodide oxidized to iodim* in. 074. 

ioditie <hdici(‘ncy byjx'rplasi.i, OMi. 

myxoaiema. 0S2. 

pnt<‘ntiate.o adren.iline. 72!). 

secretion of, rejmlation of, 07!). 

l>loofl iodid(‘ h'vel, OSI. 

(vxTernal tcm}>erature, 0S2. 
liypotbalamus. OSO. 

.sympatbetie mTves 0S2. 
thvrolrojibie hormone 
*i)70. 

sehM-tive alj.sorption of iodide. 073. 
simple troitre. OHb. 
structure of. 071. 

.syiripathetic nerve su[>ply of 700. 
thyrorrlobulin, 071. 
thyroxine, q.r. Sn Iodine. 
Thvroid-iidubitinji factor. OSl. 

Thyrotrophic hormone (TSH), 970, 980. 

action on extraocular tissue.s, 981. 
blood levt‘1, role of, 980. 
control of secretion of, 980. 

))lood thyroxine, 980. 
nervojis. 980 
fate of, 980. 
injection of. 980. 

? relation to clinical exophthalmos, 
993. 

? role in Graves’ disease, 9t)0, 993. 
thyroid Ityperplasia prodiicerl by, 
980, 98!). 

Thyroxine. 972. 
aetion.s of. 975. 
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Thyroxine, actiona in myx<iMl<‘ina ‘.<77. 
nuniiiil .subjects, 977. 
action on metabolic rate. :{7n, 977. 
(bloo{j) inlliieni'e on pituitary, !<sn, 
tormation and secretion. 97.*{. 974. 
formed f)Mtside tliyroid, 97o. 
in dried thyroid. 97(». 
synthesized in vitm, ‘.<7<>. 
syntlieti<' L-tliyro.vine .s<uiinnK 977. 
toxic effects, t<79. 

'I'idal air, ,‘{91*. 

Tissue (interstitial) fluid, 1, 4. 

after li;emorrha"(*, St. 

'■nrnposition of. b. 

disiim tion from lymph. I<». 

formation «if, at rest. JS. 

after inject ion of s;ilirM‘, 1 l9», 1:^7. 

water drinkiiiii, .7(». 
durin^r tisane activitw 19. 
inteiolj{in^n*.s with <‘el!s, 7. 
pla.sma, 9. 17. 

maintenance of plasma volume and. GO. 
?enmv;d of, - 1. 

St >. (\apillaries, (lOdema. 

'fjssue homogenates, study of, 

Tissue oxidation. Stt t).\idution. liioio^it .d. 

'Tissue slices, stieiy <.)f, !MM». 

'Tissue spaces. 9. Hi. 

'Tm.., 9J1. 

'To<'opherol, lOSti. 

'Toluidine blue. Uo. 

'Torn." 7S(i. 

'I’oncjic, motor nervi' supply, t)9S. 
la.ste tihres from, oSl. 
unilat<*ral paralysis of. 99S. 

'Tonottieti-r, 40th 
KrojilTs. .*J(i7. 

Tonus, in liladder, 7fi9, 
in blood vessels, q.r. 
heart , t/.r. 

skeletal muscle. Sft Muscle tone, 
stornacli. S09, 

'Topectomy, (i79. 

'Tupfer's reagent, 7S1 n. 1. 

Touch sensibility, 547, 551'. 
spots, 559. 

To.xipathie hepatitis, 82S. 

Tracer teclinifpie. t<07. 

Trachea, obstruction of, cyanosis in, 454. 

Tract, antero-lateral ascendinji. 9St». 
descenrling. (iSS. 
a.scen(lii)^. 9SS. 
cerebro- bu 11>ar, G92. 
collieulo-nuclear, 578, 70l'. 
cortico-bulbar, 992. 
eortieo-spinab 992. 
eortiCO-nuclear. 991, 999 
eortieo-pontine. fi91. 
cortico-retieulnr, 929, 990 
eortieo-tbalamic, 991. 
euneaius, 559, 592. 
doaeendinp. 988. 


Tract, extra pyramidal. fi29 
from <‘rontii! U>hes 9*J9. 
fronto-poril ine. 991. 
in-acilis, 5.7!t. 592. 
of Hnrdaeh 'cijneatiis), 559, 5()2. 

<h.)ll (‘rr.i. ilis,. .559, 992. 
optic, 574. 

]>roj)riospin;»i. r.s9. 
pyramidal. Hyramidal tra«t., 

Mibro-«pin;d {Momikow'.-.. ]»ie]jvn»midalt 
70l. 

.-a)litarius. 712. 

sp(*no-cerebellar (dorsal and ventral). 
559, 90ti. 

sj)inO'thalamic. .559, 592. 
tectci-spinal. 7(»2, 70S. 
vestibulo-s])inal. oS.'j, .5!»7. 

'IVan.saminase, SS5. 

'Transmelliylatiori, bioIoL^ical. S.S2. 
Transmission, adrenergic fibres, .508. 
at ilor.s.al root ends. 721. 
moti)i‘ end ))l.ates. 51 I. 5i:i. 

<iKynli<‘ cells. 779. 
p.ir.i.yvinjiatlictic ends. 7I!t 
.“ympalhctic ends. 722. 
chcmic.al. 49S. 579. 

I'liolinersiie fibres, 50S. 
electro-ehemical. 507. 
in autonomic ganglia, 529. 

central nervous system, pharnun-ology 
of, 590. 

nature of, 5t)S. 

'rran.samination. SS5, 102S 
'Tnuisitional ei'lls, 214. 

'IVansneiironal deLrenemtion 498. 57f). 
'Trapezium. .572, 700. 

'Traumatic shoi-k. Ntc Shock. 

Tremor, in cerebellar lesions, 909 tUO. 
in exopht.iialmic goitre, 991. 

.striatal disease. 958. 

Triearboxylie acid (i\r(*hs, citric ac'id) cycle, 
S.50, 851. 

acetic acid units enter, 872. 
fal dissimilation and, S72. 
Triglycerides. 891. 

'Triphosphopyridino nucleotide (TP.\),1027. 
'i'roj)hopathic hepatitis, 828. 

'JV(»u.s.seairs sign, 1005. 

'Trypsin, 790. 

Trypsinogen, 790. 

Tryptophan, 877, 975, 1097. 

Tuber cinereum, 719. 

Tubule iliuresis, 99. 
excretory mass, 40. 
excretory maximum ('T,,,). 40. 

Tubules, rtMial. .s’;c Kidney. 

Tiiraein, 219. 

Tyrosinase, i)57. 

Tyrosine, 877, 882. 974. 
di-iodotyrosine, 974. 
relation to adrenaline, 729. 
to homogenti.si(‘ aci^l 890. 
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Tvrosine, rolation to inolanin, 
rhyroxifio. 974. 

riocr, peyitic, 7S7. 7SS. 

Undernutrition, oliniial, 104!). 
f’a<ty livcF* in, -SO!), 
in liolsen camp. 104 . 7 , lOoO. 

Gcrnian cxtcnnination <-;nnp<, lnr»n. 
LonOon famine (ISo7-.*is). |n.7o. 
Prisoner t)f W ar camps, W urM War II. 
104!). 

kwashiorkor, SO!), 

mo<I(MMte calorie (Iclii'iem y ((’aiaieiiic 
exp<‘riment). |0|‘> 
reha hilitat ion from. 104s. 
Starvation. 

severe calorie rleliciency (,\limiesf)ta »*\- 
perimeiil), l(l4.7. 
irnifFoiar e\eitati(»n, 1120. 
rp]ier motor neurone, 

I ra<‘il, S7S, S!.Ml. 

Uraemia, hlooO chanp*s in, 7o\ 70. 
rheyne-Stokes Oi’cathinir in. 77 404. 
tine to NaCI deprivation. Oo. 
intracranial f)rcssnr*‘ in. 77. 
latent (astljcnicj, 7IJ. 

.sthenic, 70. 

water into.vication ami. os, 77. 

Urea, clearance test. !{4. liO. 
concentration test, 0!). 
formation of, SSo SS7. 

after licpatectoiny, S.'Jti. 

in blood, 71. 

after complete hcjaitectofnv, S’2i\ 
incoinpatihlc I)Io(k 1 transfusion, 
is;i. 

removal of kidneys, 74. 
high protein diet and, 72 
in adrenal insntlieifmcy, !)“><». 
chloride defieiemry, Oo. 
chronic nephriti.s, 70. 
h.'emorrhage, S4. 
intestinal oh.struetion, lOS. 
nraimia, 7.‘3, 74. 
water deprivation, 07. 
ingestion of, 09. 
in nephritis, 75 cf 
in Urine, 28, 54, 69, 891. 

eficct of ])rotein free diet and 
adequate ealorie.s, 891. 
of protein intake, H91. 
in starvation, 891, 892. 

urjemia, 7.'h 74 et mi, 
significance of, 891. 
kidney and, 28, 91, ,‘19, 54, 09. 

Ureter, nerve supply of, 711. 

pain from, 748, 703. 

Uric acid, 895. 

concentration by kidney, 28. 
fornoation and fate, 897. 
m blood, 28, 73, 898. 
gout, 898. 


Urine, urine. 28 898. 
acid pho.«plwita«e in, 1116. 
a<lrerial eortiecuds in. 954. 
ah'aptonuria, S!) 0 . 
aiuinoni.i of. !)7. 
antidiiin-li«‘ hormone in, 1090. 
birarbonate of. !)(>. 

I»iliruliin in, l!)‘k 
biotin in. |03S. 
eah ium of. !)!)!). 

chh)ride ot ( 7 ./’.). 29 3.3, 03 rt snf. 
eompo.sitiiai of, 2S. 
i (»m en 1 nil ion. 2 !). 

'•orti<-oids in !).74. 

(■nsitine of. S94. 
ere.-itininc iif. 2S, S!)|. 
ifon.'idol ropliin in {if.r.}, lOSS, 
hippuric ;u id in. 2.3. 
hormone; in. loS7. |o!to. 
in Adili^on's disease c/.' -). !*57. 
di.ibetr.- insipidus (r/./-.). 19. 

<ji.iiM'ti's mclIiiMs, <{.r. 

Klinelcll* r’s .Nyiidronn*. 1114. 
nejdii itis {tj.r. i. 75. i 13. 
ncplirti.sis ( 7 ./-. i. I 13. 

prcLmaiicy I0S7. 

stiir\ation {•/.>'.). S!)2, 90o. 
ketone bodirs in 7 ./. 
neutral 17 keli»strroids in. 952. 
flitroL'enoiis const if nenfs r»f. S 9 |. |ii4S 

lestro'jen in, 1077. Ins7. 
oxysleroids in. !)51, >*< .Vdrenal 

icoi<l.s. 

p.'iratliormone on. 1003. 
pliosphatc of, 2S. 73. 91, 
pregnartediol in. JOHO, loss. 
n‘aetion of, 90, !)S, 
meals and, !)!*. 

.salt loss and, lo7, 108. 
secretion of. 27. *SVc Kidney. 

.specific gravity, 29. 
sugar in. (llyeosuria. 
stdjdiur (' 01111)011 ml 8 of ( 7 .*’.), 899. 
ternf>eratlire of, 40S. 
thiamim* in, 1030. 

threshold and no-thresitold substances, 29. 

urea of (r/.r.), 891. 

uric aei(l of, 898. 

urobilin in, 193. 

vitamin-f/ in, 1042. 

Urine, volume of, adrenaline on. 728. 
antidiuretic hormone on, 45. 

(‘fitleirie on, 70. 

eireulatory changes on. 25 el seq, 

diet on. 30. 

emotion on, 53. 

exercise on, 53. 

fill id loss on, 67. 

litemorrhago on, 83. 

ingesting saline on, 62. 

injecting saline on, 59. 

in nephrosis, 113. 
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Urine, volume of, iiiinimuJ. .‘io. 
pituitary on, 45 49 <f. 
potassium chloritli^ on, 02 . 
protfiu intake on, 70. 115. 
regulation of, ,‘{ 0 . .51. 
salt deprivation on, 55, 04. 
salt intake on, 54, tl2. 
sleep o!», 70. 
tliynnd and, 5J. 
nr«*a, iuLrestion on, 54, OVk 
water deprivalitui on, 54, <i7, 
water drinkiu<: on, 55 »7 w<f/. 

Srr Kidney. 

Urobilin, JO.i 
t ■iol»ilinoo(‘n, 19.*k 
( Fojiastrone. 7>'tk 
I'rtiraria fai-titia, 1I0. 

Uterus, androgen <»n (ti\ »iaa o}:<*ni«‘ a< tion). 
|0S2. 

(;liaii^es<]urin^ inen.strnal(vrK‘(//.r,), lofiO. 

during o‘stn)us eyele, ltt74. 
preofuiTKA’ I//./'.), loos, 
control of parturition, looi. 
in coitus. 1105. 
nervo supply, 711. 
o'.stroi^en liu, i079, it»S2, 
ovytoein on. lOSO, 1091. 
proy^estenuM* on, |OSO. |09l. 
piiOerty and. lOOS. 
stnietnre, hK>9. 
s\n klin^ on, 1095. 
rtriide, 590. Sn Otolith or^aii. 

I.’-wava*, 250. 

Vagina, 1074, 1079, 10 Si>, 1105. 

Vaso-vagal attack, 271. 

Vagus, alferentH of, .‘tS7. 795, 7S{*. 

from great veins (anrieular). 272. 795. 

from lungs, 9S7. 

aortic fibres of, 795. Sn- A«»rtie nerve, 
atropine and, 290, 720. 

»*ardiosp}i.sm ainl. Si5, 
cliciiiical transmitter <if. 719. 
depressor libres in. 795. .S’t< .Vorlic 

nerve. 

etUTcnt fibres in. 2tiS. 712. 
eseaiH*, 270. 
ganglia of, 712. 

In^art block, 270, 282. 
meehanieal .stinnilation, 741, n. 1. 
nodal rbythm, 2S0. 
mieleiis anibiguus. 09S, 712. 
dorsal. 208, 09S, 712. 

“ interealatns.*' 09S, 712. 
pre.ssor fibres in, 799. 
rellex accelerator fibres in. 272. 
relation to astlnna. 409. 
brt^ithing. 387. 
dvsptHca, 458. 

section of, 268, 386. 388, 402. 
in man, 7S8. 

sinus arrhythmia and, 274. 


Vagus, stimulation of central end. on 
breathing. 9SS. 
on eir> nial ion. 79S. 
spin.j! < ord, 705. 

of peripliiMid end. action on heart, 208. 
on blood p!-('ssiirc^, 208, 
to alimetitJiry eanal, 714. 
broih lii. 4MU, 

forouary arteries, 297. 719. 

heart. 2 r.s. 712. 

islets of I.angerliaus. 917. 

O'sopiiagu-^ 

tone*. 20s. 

Valency, 12 . 

Van deh Bergh’s reaction for hilimbin. 189. 

after icrnoval of liver, S25. 
in jaundice. 190. 

\ an tiijfhk-n'H f'ommissiire, 572. 

Vas I duet ns) ileferens. ligature of. 11 os. 
\'asoeonstri( tor fiiu'cs, 909. 

Vasodilatation. 90S. 

from aeet\ lel)«>lim‘, 7IS. 
aderiyli*' a<'id. 917. 

CO., exerss. ,909. 
lar k. 909. 

heat. 917, 927, 901. 
histamine, 917. 

inhibition of vasoinot(.)r eiiiitre,. 911, 
light. 92S. 
iiH'taholites. 917. 

skin injnrv. 922. 
spinal amesthesia. 9t>l. 
s))inal section, 909. 

•stimulation of aortie nerve, 311, "^^9, 
td cai'otid sinus. ,91 I. 799. 
syinj‘alhc< lomy. 900. 
vasoililator nerves. 90S. 
in react iv(* liyperamiia. 929. 

Vasodilator fibres, 9o8. 

in chorda, tytnpani. 20. 

dor.*sal nerve roots, 908, 721. 
norvi erigent(!.<, 1101 . 
svinp.atludie nerves, 908 , 7l(k 
Vasomotor centre, 909. 

aortic nerve and, 911, 799. 
earotiil sinus ami, 91 I, 799. 
ebeinorceeptors and, 911, 740. 
«If‘struetion of, 909. 
eiTeet of atforent impulses. 912. 
of blood supply to brain, 311. 

(\>,., 309. 

higher ecutres, 309. 
oxygen laiek. 310. 
n?sj)iratory centre on. 909, 909. 
maintenatiee of steady pressure, 9t)9. 
path of fibres from, 1121 . 

Vegetable diet, alkahemia from, 99S. 
Vegetable proteins. lt)51. 

A’egetabics. composition of, 1052. 

Veins, atferents from. 272. 795. 
ne.rvons control of. 91S, 
obstruction of, ouduina from. 111. 
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Veins, pressure in, :^IS. 

ollV'ct o^’n'spiratioii t'u. 
in oonj^cstive Iiciirt failure. III. 
mi'thods of dcteniiininii. !iIS. 

W'locitv of ilow (rirnilatioii tiin 

eaniiac impulse. l'.So. 
nervo\is itnpuls(‘, IHif 
|)uls(‘ wave 2(>l. 

relation to elastirilv (»f arteri 
2\V2. 

V’eiiiMus, aetions of, J42, 

Wnous (aiirieulai', l»aird)ri(l;jLe). retle\. 2' 

Wnous blood, determination nf lms ttajsio 
in mixed, ‘blT. 

Venous occbision pletliysmoHrapliy. .‘{no. 

Venous pulse. duLmlar vein. 

Venous return, i*71, 

capillary tone and, 27.7, .S:I7. 
factors ( (nitrollini:. 271. 
in exercise. 4‘1‘b 
lia'morrlia;;rt*. X2. 
liistamirK' poi'^onitJii'. .‘i*l7. 
traumatic shock, IMI if -vrf/. 
respiratory movements and, 27o, 

Ventral horn cells, a.-ynchronou.- disdiar 
of, o(U. 

j:radatir)n of iliseharij'e. o(d. 512. 
lesions of. ri()r>. 

Si'c JJetle.v action. 

Ventricle, branch htifwlle block and, 2.s.'i. 
coronary o<‘clusion and. 251. 
dia.stasis of, 25S. 
ejection phasj* of. 257. 
extra-.s\.-.tole of. 27(». 2SS. 
failure of, 205. 
fibrillation of. 2!t4, 741. 
filliti):; of, 258. 

idio-ventricular rhythm, 285. 
in aortic reLUirjritation, 2U7. 
auricular fibrillation, 2!Kb 
auricular liutter, 21t2. 
fo'tns, 351. 
heart block, 282 d 
mitral diseH.se, 2!l0. 
mitral incornfioterice, 2%. 
nodal rhythm, 28fi. 
jjaro.x3''ainal taehvcardia, 290. 
patent ductus artcrio.su.s, 55.3. 
Stokes-Adams' .syndrome, 2S4, 
isometric contraction {diase, 250. 

relaxation phase, 258. 
left axis deviation, 255. 
movements of, 2<)4. 
pressure ehan^ic.s in, 25fi, 
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